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ABSTRACT 
 
Improved agronomic management practices have aimed at matching plant nutritional needs 
with nutrients from soil and fertilizer sources.  These practices, when done sustainably, also 
include replacing removed nutrients through maintenance fertilizer applications without excess 
application rates.  While fertilizer recommendations and nutrient removal estimates become 
increasingly important as farmers strive to achieve 16.0 Mg ha
-1
, data used to estimate these 
nutrient uptake and use parameters are largely outdated.  Specifically, a lack of information 
exists to show whether modern genotypes with transgenic insect protection from various above 
and below ground insects assimilate and utilize higher quantities of mineral nutrients.   
The central objective of this thesis was to quantify nutrient uptake, removal, and partitioning 
in elite commercial germplasm grown under modern management practices.  Data from a set of 
hybrids at two locations in 2010 demonstrated nutrient accumulation patterns for corn yielding 
12.0 Mg ha
-1
.  The results of Chapter 1 suggest that nutrient requirements for production and the 
quantity of nutrient removal have increased markedly over the past 50 years.  Resulting 
accumulation figures also showed that P, S, Zn, and Cu uptake was equally distributed between 
vegetative and reproductive growth suggesting that season-long availability of these nutrients is 
critical to meet corn nutritional needs.  Alternatively, uptake of N, K, Mg, Mn, B, and Fe favored 
early-season uptake during vegetative growth.  Further analysis identified possible relationships 
between nutrient uptake and removal with hybrid background and transgenic insect protection.   
Although biotech hybrids have contributed to increased yields with improved farmer safety 
and profitability, the impact of this technology on nutrient uptake, removal, and grain nutrient 
concentrations are not well documented.  Improved genotypes with transgenic insect protection 
that are managed to achieve their maximum yield potential provided us with the opportunity to 
identify interactions which influenced maintenance fertilizer recommendations.  The objective of 
Chapter 2 was to evaluate the impact of hybrid background, transgenic insect protection, 
agronomic management, and location and/or weather differences on these nutrient use 
parameters.  Data in Chapter 2 had been collected over a series of seven site-years from 2008 
through 2011.  The results suggest hybrid background and transgenic insect protection from 
western corn rootworm (Diabrotica virgifera virgifera LeConte) significantly influence nutrient 
uptake, removal, and grain nutrient concentrations.  Agronomic management, which allowed 
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hybrids to achieve their maximum yield potential through improved fertility, further increased 
nutrient uptake in transgenic insect protected isolines.  Additionally, localized weather and soil 
conditions primarily impacted nutrient uptake by influencing the quantity of nutrients 
accumulated post-flowering.  Droughty, above-average temperatures during grain-fill in 2011 
reduced nutrient uptake and increased nutrient remobilization compared to conditions with 
greater precipitation.   
Although nutrient management is a complex process, improving our understanding of when, 
where, and how nutrients are used by corn plants presents opportunities to optimize fertilizer 
rates and application timings.  This reevaluation of nutrient uptake and partitioning can provide 
the foundation for fine-tuning nutrient management practices as producers aim for increased 
yields and profitability. 
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CHAPTER 1 
ABSTRACT 
 
     Comprehensive studies have documented nutrient accumulation and partitioning patterns of 
hybrids only as recent as 25 years ago.  It is suggested that modern, transgenic insect protected 
hybrids coupled with improved agronomic practices have influenced the quantity and the timing 
of nutrient acquisition.  The objective of this study was to investigate nutrient uptake and 
partitioning among elite commercial germplasm under modern management practices.  Locally 
adapted hybrid pairs were grown across two site-years in central (Champaign) and northern 
(DeKalb) Illinois locations in 2010.  Plots were sampled at six growth stages incrementally 
spaced based on growing degree units.  Total nutrient content was determined among four plant 
fractions for corn yielding 12.0 Mg ha
-1 
(226 bu A
-1
).   
Key nutrients for high yield corn production were identified based on nutrient harvest index 
values and the removal of a given nutrient.  Total nutrients required to produce 12.0 Mg ha
-1
 of 
corn included 23,000, 286, 114, 202, 59, 26, 1.4, 0.6, 0.5, 0.1, 0.08 kg ha
-1
 of DW, N, P2O5, K2O, 
Mg, S, Fe, Mn, Zn, Cu, and B, respectively.  Four nutrients were found to have relatively high 
harvest index values: P (79%), Zn (62%), N (58%), and S (57%).  These results suggest that a 
high proportion of total uptake for these nutrients are removed annually and may ultimately lead 
to soil depletion without accurate maintenance fertilizer applications.   
A ten day period (V10-V14) resulted in the maximum rates of dry weight production and 
nutrient assimilation on a per day basis for dry weight (432 kg), N (8.8 kg), P2O5 (2.4 kg), K2O 
(6.1 kg), Mg (2.2 kg), S (0.6 kg), Zn (14.7 g), Mn (18.2 g), B (3.5 g), Fe (99.6 g), and Cu (1.5 g).  
While timing of nutrient acquisition varied considerably among nutrients, some required season- 
long availability – with more than one-half of total uptake occurred post-flowering for Zn, S, P, 
and Cu.  Additionally, micronutrients demonstrated more narrow periods of rapid nutrient uptake 
than macronutrients, especially Zn and B, when greater than two-thirds of nutrient uptake 
occurred during less than one-third of the growing season.  This reexamination of nutrient use 
provides opportunities to further improve fertilization rate and application timings as growers 
continue to achieve greater yields.       
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INTRODUCTION 
 
An essential nutrient is any element required for the completion of a plant’s life cycle.  
Nutrients involved in plant life cycle processes are often categorized according to nutrient 
concentration within a plant: structural elements including carbon (C), hydrogen (H) and oxygen 
(O) and macronutrients such nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), 
magnesium (Mg), and sulfur (S) are required in the highest quantities.  Micronutrients, however, 
like boron (B), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), and zinc (Zn) are 
utilized in smaller proportions.  While agricultural production systems absorb nutrients from soil 
organic matter mineralization and atmospheric deposition (Halvin, 2005), synthetic sources have 
rapidly evolved as a major source of nutrients in well-developed countries.  Smil (2001) 
concluded that without industrial synthesis of ammonia, the world would not have been able to 
support its current population.  According to a United States Fertilizer Consumption and Use - 
By Year report, consumption of N (449%), P (159%), and K (207%) has increased between 1960 
and 2010 (USDA, 2012).  As intensive row-crop production evolves to decreased reliance on 
manure and cropping rotation as a source of mineral nutrients, improvements in managing soil 
nutrient quantity and availability of less renewable nutrients become increasingly important. 
 While many states offer fertilizer recommendations via extension publications and agronomy 
guides, research supporting those values are typically not cited, outdated, and/or are based on 
noncurrent production practices (Heckman et al., 2003).  Research in the late 1950’s provided 
early mineral nutrient concentration and total nutrient content data for the primary 
macronutrients of N, P, and K (Hanway, 1962a; Hanway, 1962b; Hanway, 1962c).   After two 
decades of improvements in breeding, selection, and management practices, Karlen et al. (1988) 
updated the amounts, rates, and partitioning of mineral nutrients throughout the growing season 
across primary (N, P, K) and secondary (Ca, Mg, S) macronutrients and some of the 
micronutrients (B, Cu, Fe, Mn, Zn) in high-yielding corn.  Numerous studies have demonstrated 
the impact of crop management on nutrient removal with Heckman et al. (2003) reporting hybrid 
variation in grain nutrient concentrations and yield components and Ma et al. (2006) showing 
that weather and agronomic management impact nutrient removal.  
     Extension fertilizer recommendations typically utilize the “buildup-maintenance” concept 
(Olson et al., 1987) of soil fertilization to achieve and maintain a specific nutrient level based on 
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soil testing calibrations.  Program “buildup” requires fertilization of nutrients testing low to 
attain adequate soil nutrient levels.  “Maintenance” annually replaces nutrients lost through crop 
removal with the goal of maximizing fertilizer usage (Olson et al., 1987).  In locations which 
annually harvest only corn grain, the grain quantity (yield) and grain nutrient concentration 
determine nutrient removal and collectively estimate annual maintenance fertilizer rates.   
     Total mineral nutrient uptake is the sum of nutrient contents in the stover and grain and 
estimates the total quantity of a mineral nutrient required to produce a crop.  Plant height and dry 
weight production patterns are not directly related with those of nutrient uptake (Sayre, 1948; 
Karlen et al., 1988), and as a result individual nutrients require management to optimize nutrient 
assimilation.  In a high-yielding, intensively managed study achieving a final yield of 16.3 Mg 
ha
-1
, total accumulation at maturity reached 31,800, 386, 70, 370, 44, 40, 0.13, 0.14, 1.9, 0.9 and 
0.8 kg ha
-1
 for dry weight, N, P, K, Mg, S, B, Cu, Fe, Mn, and Zn respectively (Karlen et al., 
1988).   
     A common misconception in nutrient assimilation is that uptake ceases upon completion of 
vegetative growth (i.e. at stage tasseling (VT) or silking (R1)).  Sayre (1948) and Karlen et al. 
(1988) suggest that as much as 50% of dry weight, phosphorus, magnesium, and sulfur 
accumulation remains at flowering (VT).  Three major nutrient accumulation patterns exist 
which describe seasonal nutrient uptake in relation to growth stage: i) steady uptake through 
vegetative and reproductive stages, ii) rapid uptake from V12-V18 followed by a lag phase, and 
iii) rapid vegetative uptake followed by a lag phase then rapid nutrient uptake during grain fill 
(Sayre, 1948; Hanway, 1962b; Karlen et al., 1987a; Karlen et al., 1987b; Karlen et al., 1988).   
     Patterns for mineral assimilation are typically nutrient specific, depending largely upon a few 
but essential growth stages.  Sayre (1948) and Hanway (1962b) suggested rapid N uptake 
immediately prior to VT with a steady but less rapid rate of N uptake during grain-fill.  In high-
yielding corn, Karlen et al. (1988) found N uptake to follow a different pattern with two distinct 
periods: first when yield potential is established from V12 through V18 and the second when 
final yield is determined, during the grain filling period.  This pattern of uptake, similar to that of 
B and Fe, uniquely includes a lag phase where limited nutrient uptake occurs around VT/R1 
(Karlen et al., 1988).  Collectively, a number of studies show that P uptake, like S, Mg, and Cu, 
follows a moderately steady, highly predictive rate of uptake from V6 through R6 (Sayre, 1948; 
Hanway, 1962b; Karlen et al., 1988).  Seasonal Zn accumulation integrated features of each 
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previous method: steady vegetative and grain-filling uptake (like P, S, Mg, Cu) and a less 
significant lag phase similar to that of N, B, and Fe.  As previously described, a third important 
pattern of nutrient uptake relies upon rapid uptake coinciding with vegetative growth.  Nutrients 
including K, Ca, and Mn follow this pattern with nearly 90% of total accumulation before the R2 
growth stage (Karlen et al., 1988).  These studies demonstrate nutrient accumulation patterns of 
hybrids and management practices common in the 1940’s through the 1980’s.  No recent and 
comprehensive data exist, however, which document the impact of improved genetics, breeding, 
and management practices on nutrient accumulation and partitioning.   
     Two additional key components of nutrient uptake are the concepts of remobilization and 
harvest index.  Remobilization is a process describing a nutrient’s movement from its initial 
location of nutrient deposition (leaf, stalk) to a new area of reuse, typically the grain.  The 
discovery of nutrient movement by Sayre (1948) and confirmation of remobilization by Hanway 
(1962b, 1962c) proposed that nutrients vary in degrees of plant mobility.  Some nutrients 
including N, P, and Zn are highly mobile and begin translocation to corn grain at the R2 growth 
stage, while micronutrients B, Mn, Cu, and Fe possess limited or non-existent remobilization 
characteristics (Sayre, 1948; Hanway, 1962b; Hanway, 1963; Karlen et al., 1988).   
     The proportion of a mineral nutrient in corn grain relative to total plant uptake provides an 
estimate of partitioning and remobilization efficiency, termed nutrient harvest index (HI).  
Higher values represent nutrients that were either initially accumulated during grain-fill stages, 
or nutrients that were remobilized from other plant parts to the grain during grain fill (Sayre, 
1948; Hanway, 1962b; Hanway, 1963; Karlen et al., 1988).  Dry weight harvest index, or the 
ratio of grain dry weight to total aboveground biomass, has peaked at 60% with further yield 
improvements expected from increased biomass (Lorenz et al., 2010; Hay, 1995).  Nutrient 
harvest indices are related to the growing conditions with increasing stress generally lowering 
the quantities of nutrients partitioned and remobilized to corn grain (DeLoughery and Crookston, 
1979).  Estimated harvest indices values are highly nutrient specific: N (~60%), P (~80%), K 
(~25%), Ca (3%), Mg (59%), S (64%), B (30%), Cu (43%), Fe (18%), Mn (17%), and Zn 56%) 
as averaged from Sayre (1948), Hanway (1963), and Karlen et al. (1988).  Regardless of nutrient 
and previous harvest index values, it has been predicted that current hybrids coupled with 
improved management practices have influenced timing of nutrient uptake and remobilization 
tendencies.   
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     The objective of this research was to quantify nutrient uptake, removal and partitioning 
among elite commercial germplasm grown under modern management practices.  Due to the 
advent of transgenic insect protection against various root pests, an additional objective was to 
determine if transgenic insect protected hybrids have different total nutrient uptake and removal 
values than non-protected isolines.     
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MATERIALS AND METHODS 
 
Experimental Design and Treatment Structure 
At each location, treatments were arranged in a randomized complete block split-plot design 
with four replications.  Near-isogenic pairs with similar genotypic background served as the 
main plot and transgenic insect protection the split-plot.  In each pair, the non-transgenic insect 
protected hybrid possessed only herbicide tolerance (glyphosate, RR2; or glufosinate, HXX), and 
the transgenic insect protected hybrid possessed herbicide tolerance and resistance to feeding 
from certain above-ground insects (Cry1Ab, Cry2Ab2, or Cry1F proteins), and below-ground 
insects (Cry3Bb1, mCry3A, Cry34Ab1, or Cry35Ab1 proteins).  Commercial hybrids were 
selected based on strong marketshare in central and northern Illinois locations (Table 1.1).   
Individual experimental plots consisted of four 5.33 m rows spaced .76 m apart.  The two 
center rows were used to collect yield data and the two adjacent rows were used for plant 
sampling.  Six plants per plot were sampled, pooled, and partitioned at six incrementally spaced 
growth stages to evaluate seasonal nutrient uptake and allocation. 
 
Field Characteristics  
Field experiments were conducted at the Northern Illinois Agronomy Research Center in 
DeKalb, Illinois and the Department of Crop Sciences Research and Education Center in Urbana, 
Illinois in 2010.  Soybean was the previous crop at each site by alternating with an adjacent field 
under corn-soybean rotation.  Soil types included a Flanagan silt loam at DeKalb and a 
Drummer-Flanagan silty clay loam at Champaign. 
 
Agronomic Management  
Plots were planted with an ALMACO SeedPro 360 planter (ALMACO, Nevada, IA) to 
achieve an approximate final stand of 84,000 plants ha
-1
.  All plots received an in-furrow 
application of tebupirimphos (O-[2-(1,1-Dimethylethyl)-5-pyrimidinyl]O-ethyl O-(1-
methylethyl)phosphorothioate) and cyfluthrin  (cyano(4-fluoro-3-phenoxyphenyl)methyl 3-(2,2-
dichloroethenyl)-2,2-dimethylcyclopropanecarboxylate) soil insecticide at planting at a rate of 
0.11 kg a.i. ha
-1
.  At VT/R1, plots received an application of pyraclostrobin (carbamic acid, [2-
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[[[1-(4-chlorophenyl)-1H-pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, methyl ester).  Weed 
control consisted of a pre-emergence application of S-metolachlor (2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-1-methylethyl)acetamide), atrazine (6-chloro-N-ethyl-N′-(1-
methylethyl)-1,3,5-triazine-2,4-diamine), and mesotrione ([2-[4-(methylsulfonyl)-2-
nitrobenzoyl]-1,3-cyclohexanedione) at a rate of 7.0 L ha
-1
 and a post-emergence application of 
glyphosate [N-(phosphonomethyl)glycine].  One week before planting, 202 kg N ha
-1
 as UAN 
28% [CO(NH2)2 + NH4NO3 + H2O; 28-0-0] was applied and incorporated.  At planting, 168 kg 
P2O5 ha
-1
 was applied as MESZ [MicoEssentials SZ; 12-40-0-10S-1Zn] (The Mosaic Company, 
Plymouth, MN) supplying an additional 50 kg N ha
-1
, 42 kg S ha
-1
, and 4.2 kg Zn ha
-1
.  At V6, a 
sidedress application of 67 kg N ha
-1
 was applied as urea with urease and nitrification inhibitors 
[CO(NH2)2  + n-(n-butyl) thiophosphoric triamide + dicyandiamide; 46-0-0] (Agrotain 
International, Saint Louis, MO). 
 
Plant Sampling and Partitioning 
To evaluate seasonal biomass and nutrient accumulation, six plants were sampled at each of 
six incrementally spaced growth stages: V6 (vegetative leaf stage 6), V10 (vegetative leaf stage 
10), V14 (vegetative leaf stage 14), R2 (reproductive blister), R4 (reproductive dough), and R6 
(physiological maturity) (Hanway, 1963).  When at least 50% of the plants exhibited the 
respective growth stage, plants were sampled at the soil surface from rows 1 and 4.  Plant tissues 
were separated into four components: stalk and leaf sheaths; leaf blades; tassel, cob, and husk 
leaves; and corn grain.  The following will be referred to as stalk, leaf, reproductive, and grain 
tissue respectively.   
The total fresh weights (TFW) of individual stalk and leaf tissues were measured.  Samples 
were shredded (Vermeer BC600XL Chipper, Vermeer Corporation, Pella, IA) to obtain a 
representative subsample which was used to determine subsample tissue % moisture content (% 
MC), fresh weight (FW), and dry weight (DW).  Dry weights were measured after subsamples 
were dried to a constant weight at 75° C.  Percent moisture content was determined according to 
Equation 1.   
      (
     
  
)               (1) 
Equation 2 was used to estimate total dry weight (TDW) using subsample % moisture content (% 
MC).   
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           –                   (2) 
Due to less overall reproductive tissue biomass, subsamples were not required.  Samples were 
dried to a constant weight at 75° C and dry weight was determined.  From the ears of sampled 
plants at R4 and R6, grain was dried to a constant weight and % moisture content (% MC) was 
determined using a dielectric (capacitance) type grain moisture meter (SL95, Steinlite Corp., 
Atchison, Kansas).   
 
Sample Preparation and Results 
Stalk, leaf, reproductive, and grain tissues were ground using a Wiley Mill (Thomas 
Scientific, Swedesboro, NJ) through a 2 mm mesh screen.  An approximate 50 mg subsample 
was randomly selected for nutrient concentration analysis.   
Subsamples were analyzed for N, P, K, Mg, S, Zn, Mn, B, Fe, and Cu (A & L Great Lakes 
Laboratories, Inc., Fort Wayne, IN).  Calcium was excluded from the analysis due to low grain 
and stover concentrations.  Nitrogen was analyzed using a combustion method and other 
nutrients using a two part process of acid-microwave digestion and ICP analysis.  Results were 
provided for macronutrients and micronutrients on a percentage and parts per million basis 
respectively. 
 
Grain Nutrient Content, Total Nutrient Uptake, and Nutrient Harvest Index 
Grain dry weight and corresponding nutrient concentrations were used to calculate nutrient 
removal using the assumption that only corn grain was harvested.  This value is a critical factor 
in the implementation of accurate fertilizer recommendation and replacement rates.  Equations 3 
and 4 were used to calculate grain macronutrient and micronutrient contents. 
                                                             (3) 
                                                        (
    
    
)   (4) 
Corresponding stalk, leaf, and reproductive tissue nutrient contents were calculated using similar 
equations as presented in 3 and 4.  Total aboveground nutrient uptake was calculated according 
to Equation 5.  This value estimates the quantity of available nutrients used to achieve 
corresponding grain and stover yields.   
                ∑
                                    
                                         
 (5)  
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Nutrient harvest index values estimate partitioning efficiency of nutrients to corn grain.  These 
values identify the quantity of nutrient uptake partitioned to corn grain and were calculated 
according to Equation 6. 
                    (
               
              
)            (6) 
 
Statistical Analyses 
Total nutrient uptake, grain nutrient content, harvest index, and grain nutrient concentrations 
were analyzed using PROC MIXED (SAS 9.2; SAS Institute Inc., Cary, NC) and the assumption 
of equal variances.  All units are expressed on a dry weight (0% moisture) basis.  Location, 
hybrid pair, and rootworm resistance were included as fixed effects and replication as a random 
effect.  PROC UNIVARIATE was used to determine potential outliers and assess normality of 
residuals.  
Nutrient uptake and partitioning figures were prepared with SigmaPlot (SigmaPlot v11.0; 
Systat Software Inc., San Jose, CA).  Means generated from statistical analysis were imported 
into SigmaPlot. Seasonal uptake figures were generated with the Simple Spline Curve option 
with smoothed data points.   
 
Grain Yield  
Rows 2 and 3 of every plot were harvested for grain yield with an ALMACO SPC40 
combine (ALMACO, Nevada, IA).  Grain yield measurements are reported at 0% moisture 
concentration in Mg ha
-1
.   
Grain yield at R4 was estimated using the pooled weight of six ears from sampled plants.  
Corresponding grain nutrient concentrations were used to calculate grain nutrient content and 
total nutrient uptake.  Grain yield and nutrient uptake calculations at R6 were estimated using the 
combine weights from harvested rows. 
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RESULTS AND DISCUSSION 
 
Weather 
Weather conditions in Urbana and DeKalb (Figure 1.1A-1.1B) resulted in slightly above-
average temperatures with varied levels of precipitation.  In Urbana, the 2010 actual 
temperatures were 1.5 – 2.0 °C greater than daily maximum and minimum 10 year averages 
(Figure 1.1A).  Sustained, above-average temperatures with limited precipitation occurred during 
grain-fill.  In DeKalb, early season near-normal temperatures during vegetative growth were 
followed by above-average temperatures (Figure 1.1B).  Precipitation in DeKalb, however, was 
over 15 cm greater than the 10 year average.  
 
Nutrient Uptake and Removal 
Analysis of Variance (ANOVA) for total nutrient uptake and removal (grain nutrient content) 
resulted in no significant difference (P<0.05) between locations for nine and seven of the ten 
nutrients, respectively (Table 1.2).  Hybrid pair, however, significantly influenced nutrient 
uptake and removal for six and seven nutrients, respectively.  Differences due to transgenic 
insect protection (RW) were observed primarily with macronutrients (P<0.10) and not significant 
for secondary macronutrients and micronutrients.  The interaction of hybrid pair with transgenic 
RW protection significantly influenced nutrient removal for eight nutrients (P<0.05).  The effects 
of hybrid pair, transgenic insect protection, and its interactions will serve as the basis for the 
discussion in Chapter 2.  The objective of Chapter 1 was to quantify nutrient uptake, removal, 
and partitioning in transgenic insect protected hybrids.  As a result, macronutrient and 
micronutrient uptake and removal were combined among locations and the means of transgenic 
insect protected hybrids were determined for each nutrient (Table 1.3).  
Across the two sites in 2010, transgenic insect protected hybrids yielded an average of 12.0 
Mg ha
-1 
with a range of 11-13 Mg ha
-1
 (Table 1.3).  The total nutrient uptake and the amount of 
each nutrient removed with the grain at 12.0 Mg ha
-1
 yield level are also shown in Table 1.3.  In 
general, hybrid ranges of micronutrients exceeded those of macronutrients.  Agronomic 
management practices and soil environments which supply nutrients at these quantities would 
thus be expected to meet corn nutrient requirements at 12.0 Mg ha
-1
.  Current values suggest total 
nutrient uptake has increased over two-fold compared to Hanway (1962b) for N (range of 36 – 
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202 kg N ha
-1
), P (range of 23 – 78 kg P2O5 ha
-1
), and K (range of 39 – 128 kg K2O ha
-1
).  A 
study by Karlen et al. (1988) quantified the rates and partitioning of nutrient accumulation in 
high-yielding corn (16.3 Mg ha
-1
) grown under intensive fertilizer management and irrigation 
practices.  Karlen et al. (1988) demonstrated increased total nutrient uptake quantities in 
comparison to current data (Table 1.3): dry weight, 31,800; N, 386; P2O5, 160; K2O, 446; Mg, 
44; S, 40; Fe, 1.9; B, 0.13; Cu, 0.14; Mn, 0.9 and Zn, 0.8 kg ha
-1
.  Although total dry weight 
estimates averaged one-third higher by Karlen et al. (1988) when compared to the data in Table 
1.3, total micronutrient uptake increased by two-thirds for micronutrients Zn, Mn, B, and Cu 
suggesting continued plant micronutrient requirements, especially in high-yielding corn 
environments. 
Nutrient removal via corn grain quantitatively expressed maintenance fertilizer application 
rates used to replace exported nutrients (Table 1.3).  In comparison to mean values, the range in 
distribution of nutrient removal among hybrids was greater than observed in total nutrient 
uptake.  Average nutrient removal values in this study are within the range of others (Karlen et 
al., 1988; Heckman et al., 2003), which were found to vary depending on agronomic 
management practices, yield level, and grain nutrient concentration.  While nutrient HI values 
quantified nutrient removal with respect to total uptake, they measured nutrient partitioning 
efficiency to corn (Table 1.3).  Nearly 80% of total P uptake was partitioned to corn grain, 
greater than Zn (62%), S (57%) and N (58%).  Of measured micronutrients, Zn had the highest 
HI, suggesting its role as an important cation in phytate (Raboy, 1997; Raboy, 2002).  Nutrient 
harvest index values of N, P, S, B, Cu, Fe, Mn and Zn agreed with those of Karlen et al. (1988), 
except for K and Mg.  Presumably K luxury consumption and storage in stalk tissue produced a 
low HI value of 19% in Karlen et al. (1988) compared to 33% in our study.  The two-fold 
increase in Mg HI reported by Karlen et al. (1988) was probably related to the lower Mg uptake 
(50% less) compared to values in this study.   
Nutrient specific seasonal uptake patterns identified quantity, timing, and use of corn 
nutrients and dry weight (Figures 1.2A-1.2D, 1.3A-1.3D, 1.4A-1.4C).  At physiological maturity 
(R6), dry weight production peaked at 23,000 kg ha
-1
 (Figure 1.2A).  A grain yield of 12.0 Mg 
ha
-1
 achieved a HI of 52%, slightly greater than observed in similar studies (Sayre, 1948; 
Hanway, 1962a; Karlen, 1988).  Subtle increases in grain HI during the previous 50 years were 
magnified by gains in overall biomass production and suggest that both have contributed to 
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historical grain yield increases (Lorenz et al., 2010; Hay, 1995).  The maximum rates of dry 
weight accumulation occurred during a ten day period between V10 and V14 (432 kg ha
-1
 day
-1
) 
and between R2 and R4 (467 kg ha
-1
 day
-1
).  At physiological maturity, leaf, stalk, and 
reproductive tissues comprised 11,000 kg ha
-1
 dry weight.  Based on stover nutrient contents, 
production practices which utilize all or portions of aboveground stover (i.e. cellulosic ethanol, 
corn grown for silage) would remove an additional 121 kg N, 24 kg P2O5, 136 kg K2O, 42 kg 
Mg, 11 kg S, 1 kg Fe, 190 g Zn, 493 g Mn, 64 g B, 98 g Cu per hectare. 
 
Nutrient Acquisition Timing 
Timing of acquisition was nutrient specific and relied on uptake during key vegetative or 
reproductive growth stages (Figures 1.2B-1.2D, 1.3A-1.3D, 1.4A-1.4C).  As much as two-thirds 
of N, K, Mg, Mn, B, and Fe uptake occurred before flowering compared to only one-half of P, S, 
Zn, and Cu (Table 1.4).  Aboveground N, P, S, Mn, and B accumulation followed similar uptake 
patterns presented by Karlen et al. (1988).  Contrary to Zn and Cu seasonal uptake by Karlen et 
al. (1988), current data demonstrate the importance of Zn and Cu uptake during grain-filling 
stages (Figures 1.3C, 1.4C).  Nutrient uptake nearly 50 years ago favored earlier season nutrient 
uptake with an estimated 55% and 80% of P and K uptake occurring before flowering (Hanway, 
1962b).  In general, season long supply of P, S, Zn, and Cu is critical for corn nutrition while 
acquisition of N, K, Mg, Mn, B, and Fe primarily occurs during vegetative growth.   
Unlike N, P, K, Mg, S, and Cu which followed sigmoidal shaped or relatively constant rates 
of uptake, certain micronutrients exhibited more intricate assimilation patterns.  Uptake of Zn 
(Figure 1.3C) and B (Figure 1.4A) began with a sigmoidal uptake pattern in early vegetative 
stages and plateaued at R1.  Thereafter, Zn demonstrated a constant uptake rate similar to that of 
P and S, while B exhibited a second major sigmoidal phase concluding at R5.  Over 70% of Zn 
uptake occurred during only one-third of the growing season (i.e. the period of late vegetative 
and reproductive growth (Figure 1.3C)).  A similar trend was noted for B; as much as 65% of B 
uptake occurred during one-fifth of the growing season (Figure 1.4A).  Seasonal Fe uptake 
(Figure 1.4B) included two critical assimilation periods – between V10 and V14 and after R4.  
Similar to that published by Karlen et al. (1988), fluctuations in plant Fe content were primarily 
due to variations in leaf Fe concentration (data not shown).  Regardless, matching corn 
micronutrient requirements in high-yielding conditions required fertilizer sources and the 
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availability of soil nutrients at rates that met crop needs during only a few, but key vegetative 
and reproductive growth stages. 
 
Plant Nutrient Mobility 
Unlike plant dry weight (Figure 1.2A), certain nutrients exhibited mobility characteristics 
which allowed them to be utilized in one location, then later transported (remobilized) and used 
in another.  Nutrients with high HI values obtained them through a combination of post-
flowering assimilation and remobilization from leaf and stalk tissues, namely P, N, S, and Zn 
(Figures 1.2B, 1.2C, 1.3A, 1.3C).  Phosphorus, for example, utilized both sources.  To supply 
grain P, more than one-half of total uptake occurred during grain-fill, in addition to 
remobilization of 57% and 74% of maximum measured leaf and stalk P contents (Figure 1.2C).  
Nitrogen and S had similar HI values (Table 1.3) although they were achieved by different 
methods.  Post-flowering S uptake was the major source of grain S (72%) compared to N, which 
was largely obtained from remobilization (63%) (Figures 1.2B, 1.3A).  This finding agrees with 
values from Karlen et al. (1988), suggesting that individual nutrients with similar harvest index 
values can obtain grain nutrients from different sources.  
Among the micronutrients, mobility appeared less consistent and in some cases even non-
existent.  Micronutrients Cu and Mn exhibited little to no translocation between tissues.  Plant 
Zn, however, exhibited a unique mobility characteristic in which only stalk tissue served as a 
temporal, but major Zn source.  By R6, nearly 60% of stalk Zn was remobilized, presumably to 
corn grain.  Similar to that of Karlen et al. (1988), stored B in leaf tissue appeared to serve as a 
temporal source with remobilization to reproductive tissues occurring for a brief period around 
VT/R1 (Figure 1.4A).  While the literature generally considers B as plant immobile (Brown and 
Shelp, 1997; Karlen et al., 1988), the reduction in leaf B concentration by nearly 30% (data not 
shown) may suggest otherwise.  A similar trend was found in iron with leaf Fe concentration 
dropping between R2 and R4 resulting in a decline in leaf Fe content (Figure 1.4B).  Iron uptake 
and partitioning patterns by Karlen et al. (1988) also demonstrate leaf Fe content variability, 
though the reasons are not yet known.   
The maximum measured rates of nutrient uptake coincided with maximum rates of dry 
weight production and generally occurred during a ten day period between V10 and V14 (Table 
1.4).  With the exception of B and Fe, 20%-30% of total nutrient uptake occurred between these 
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stages.  Karlen et al. (1988) documented maximum assimilation rates as much as 70%, 53%, and 
335% greater than this study for N, P, and K respectively, demonstrating the impact of irrigation, 
additional fertility sources, and level of soil fertility on maximum assimilation rates.  Secondary 
maximum rates of nutrient uptake occurred from R2 to R4 (Mn and B), with additional nutrients 
requiring continued uptake through R6 (N, P, K, Mg, S, Zn, Fe, and Cu).  The percentage of 
nutrient uptake that occurs before flowering for each nutrient is shown in Table 1.4 as well as 
grain nutrient concentration values as a reference when determining nutrient removal using a 
yield-based method.  Further improving fertility practices will require matching plant needs with 
nutrient availability during these periods: high vegetative uptake (N, K, Mg, Mn, B, Fe) or 
season-long uptake (P, Zn, S, Cu).   
 
CONCLUSIONS 
 
Although nutrient management is a complex process, improving our understanding of when, 
where, and how nutrients are used by corn plants provides opportunities to optimize fertilizer 
rates and application timings.  Earlier research pertaining to primary macronutrient uptake, 
partitioning, and timing (Sayre, 1948; Hanway, 1962b; Karlen et al., 1988) is likely 
unrepresentative of modern genotypes grown under current management practices.    
Unlike the other nutrients, P, S, Zn, and Cu accumulation was greater during grain-fill than 
vegetative growth and as such, season-long supply of these nutrients is critical for balanced crop 
nutrition.  Comparatively, availability of N, K, Mg, Mn, B, and Fe at levels that can meet the 
maximum rates of uptake during early season vegetative growth would be expected to meet corn 
nutritional needs.  Due to the immobility of leaf micronutrients, application timing and 
placement should include practices which favor uptake through corn roots. 
Nutrients needed in high quantities (N, P, K) or which have high harvest index (HI) values 
(P, N, S, Zn), are expected to be key nutrients for high-yield corn production.  High total nutrient 
uptake necessitates accurate fertilization rates made at the right time and place.  Nutrients with 
high HI values remove more of that nutrient from the field than nutrients with low HI values and 
suggest a looming soil fertility crisis if adequate adjustments are not made in usage rates as 
productivity increases.   
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TABLES 
 
Table 1.1. Commercial hybrid pairs (near-isolines) with and without transgenic Bt insect 
protection that were grown at DeKalb and Urbana in 2010.     
 †
Evaluated at Urbana, Illinois only.  
 
 
 
  
Hybrid Pair Non-Transgenic Bt Hybrid Transgenic Bt Hybrid Maturity 
1           DKC61-22 RR2      DKC61-21 SSTX 111 
2           DKC61-72 RR2      DKC61-69 VT3 111 
3           P33W80 RR2      P33W84 HXX 111 
4           DKC63-45 RR2      DKC63-42 VT3 113 
5           DKC64-27 RR2      DKC64-24 VT3 114 
 6
† 
          H-9014 GT      H-9014 3000 GT 112 
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Table 1.2. Analysis of variance for total biomass, yield, and grain macronutrient and micronutrient uptake and removal at Urbana and 
DeKalb, IL (2010).
  Total Nutrient Uptake 
Sources of 
Variation 
Biomass N P K  Mg S Zn   Mn B Fe Cu 
Location (L) 0.5792 0.1206 0.1293 0.6150 0.3097 0.2144 0.0046 0.7004 0.3996 0.5055 0.5236 
Pair (P) 0.0004 0.0135 0.0166 0.5171 0.0364 <0.0001 0.0003 0.8594 0.0004 0.0787 0.3294 
RW (R) 0.0907 0.0284 0.0266 0.2319 0.6958 0.8133 0.5751 0.5503 0.5136 0.9884 0.6911 
L x R 0.0143 0.0550 0.0976 0.0598 0.1840 0.7453 0.0994 0.5258 0.1023 0.4646 0.1362 
R x P 0.0234 0.0322 0.0278 0.1889 0.3326 0.0002 0.1935 0.9279 0.0959 0.4610 0.1211 
  Grain Nutrient Removal 
 Yield N P K  Mg S Zn   Mn B Fe Cu 
Location (L) 0.0372 0.4279 0.0353 0.0908 0.0315 0.1232 0.0165 0.0689 0.1833 0.5611 0.6332 
Pair (P) 0.0015 <0.0001 0.0021 0.0686 0.0005 <0.0001 0.0039 0.4743 0.0049 0.2271 0.0075 
RW (R) 0.0095 0.0727 0.0632 0.0016 0.3910 0.4334 0.5856 0.8750 0.6166 0.8751 0.1279 
L x R 0.0004 0.0185 0.0911 0.1992 0.0065 0.0697 0.0270 0.6695 0.1898 0.6671 0.0599 
R x P 0.0001 0.0006 0.0042 0.0001 0.0209 0.0011 0.0862 0.7004 0.0297 0.0283 0.0114 
   
 
17 
 
Table 1.3. The average total nutrient uptake and removal with the grain of macro and micronutrients for grain averaging 12.0 Mg ha
-1
 
in Illinois in 2010.  The range represents the distribution of hybrid pairs averaged across both locations.  All nutrients are expressed on 
a dry basis (0% moisture). 
 
 
Nutrient   Total Nutrient Uptake   Removed with Grain Harvest Index 
  Average    Range Average Range Average Range 
      ------------------------------------------  kg ha
-1   
------------------------------------------ ----------------  %  ---------------- 
Biomass (Mg ha
-1
) 23.0 22-25 12.0 11-13 52 47-54 
N 286.1 266-307 166.1 145-188 58 51-62 
P2O5  113.7 100-133 89.9 73-108 79 70-82 
K2O 201.9 181-225 65.7 57-78 33 27-37 
Mg 58.6 52-66 17.1 15-20 29 25-33 
S 25.7 24-28 14.6 13-16 57 52-60 
      -------------------------------------------  g ha
-1   
------------------------------------------- ----------------  %  ---------------- 
Zn 497.6 448-563 308.3 269-353 62 60-65 
Mn 558.0 496-793 72.1 62-87 13 11-16 
B 82.8  67-101 19.0 13-32 23 17-31 
Fe 1375.9 1224-1569 248.1 218-285 18 17-22 
Cu 141.0 132-155 40.5 30-49 48 21-33 
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Table 1.4. Maximum rate of nutrient uptake, percent of uptake by R1, and concentration of 
harvested grain for macronutrients and micronutrients harvested in Illinois in 2010.  The 
maximum rate of uptake was determined between V10 and V14.  Grain nutrient concentrations 
are shown as elemental P and K for phosphorus and potassium respectively.    
Parameter Maximum rate of uptake Uptake by R1 
Grain Nutrient 
Concentration 
 ------- kg ha
-1
 day
-1
 ------- ------- % ------- ------- g kg
-1
 ------- 
Dry weight                 432 36 - 
N 8.8 67 13.8 
P2O5 2.4 46 3.3 [P] 
K2O 6.1 66 4.4 [K] 
Mg 2.2 67 1.4 
S 0.6 49 1.2 
 ------- g ha
-1
 day
-1
 ------- ------- % ------- ------- mg kg
-1
 ------- 
Zn 14.7 50 25.7 
Mn 18.2 62 6.0 
B 3.5 62 1.6 
Fe 99.6 96 20.7 
Cu 1.5 46 3.4 
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FIGURES 
Figure 1.1A-1.1B. Actual and 10 year averages for daily maximum and minimum temperatures 
and precipitation in 2010.   In Urbana, the average maximum, minimum, and total precipitation 
between May 1 and August 31 were 29.1°C (27.5°C 10 year average), 17.5°C (15.6°C 10 year 
average) and 40.7 cm (39.8 cm 10 year average) respectively.  In DeKalb, the average maximum, 
minimum, and total precipitation between May 1 and August 31 were 26.6°C (25.6°C 10 year 
average), 15.0°C (13.6°C 10 year average) and 51.7 cm (36.1 cm 10 year average) respectively. 
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Figure 1.2A-1.2D. The seasonal accumulation and partitioning of dry weight, nitrogen, phosphorus, and potassium for corn averaging 
12.0 Mg ha
-1
 of grain in Illinois in 2010.    
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Figure 1.3A-1.3D. The seasonal accumulation and partitioning of sulfur, magnesium, zinc, and manganese for corn averaging 12.0 
Mg ha
-1
 of grain in Illinois in 2010.  
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Figure 1.4A-1.4C. The seasonal accumulation and partitioning of boron, iron, and copper for corn averaging 12.0 Mg ha
-1
 of grain in 
Illinois in 2010. 
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CHAPTER 2 
ABSTRACT 
 
     The introduction and widespread use of biotechnology to control root-feeding insects poses 
new questions about how to provide these plants with proper mineral nutrition.  Namely, a lack 
of information exists indicating if current fertilizer recommendations are adequate in supporting 
transgenic insect-protected hybrids grown in modern management systems.  The objective of this 
study was to evaluate the impact of hybrid background, transgenic insect protection from western 
corn rootworm (Diabrotica virgifera virgifera LeConte), and agronomic management on mineral 
nutrient uptake and removal across key macro and micronutrients.  Locally adapted pairs of 
rootworm protected and their non-protected isoline counterparts were grown across seven site-
years in central (Champaign) and northern (DeKalb) Illinois locations.  All four trait technology 
offerings with transgenic protection against WCR were represented.   
In conditions designed to evaluate the impact of transgenic insect protection under increasing 
N rates, 2008-2009 insect-protected hybrids resulted in 10% higher grain yields (P < 0.0001) 
over non-transgenic isolines.  Improved yields magnified smaller increases in grain P, Zn, and B 
nutrient concentrations resulting in an increase in nutrient removal for N, P, K, Mg, S, Zn, B, and 
Cu by up to 14%.  Transgenic insect protected hybrids exhibited increased post-flowering uptake 
of P and Zn, nutrients that are primarily acquired through diffusion.  While these conditions 
demonstrated that nutrient removal is predominately yield-driven as a function of grain nutrient 
concentrations, 2010 and 2011 research suggested that these values vary considerably among 
hybrid background, management, and soil fertility. 
Environmental and locational differences increased nutrient uptake, removal, and grain 
nutrient concentration values in the more favorable growing conditions of DeKalb.  Specifically, 
improved conditions led to larger plants with greater nutrient uptake (during grain fill) and 
removal of N, P, K, S, and Zn.  Under these conditions, the stalk served as a temporary storage 
source for N, P, K and Zn.  Low post-flowering precipitation limited nutrient assimilation in 
Urbana, thus relying on remobilization from leaf tissue as the nutrient source (for N, P, and S) to 
corn grain.  Reduced nutrient availability of N, P, S, and Zn in 2011 altered the source from 
which grain nutrients were obtained.  Lower total uptake in Urbana generally resulted in elevated 
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nutrient HI values, except for Mg which obtained a larger HI in DeKalb due to greater post-
flowering uptake.  While responses to nutrient uptake and removal varied among hybrid 
background, transgenic protection and location, this analysis quantifies differences due to 
various management practices.  Accurate plant nutrition must consider hybrid and trait selection, 
yield, management, and environmental conditions to match plant needs at the right time and rate.   
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INTRODUCTION 
 
     Summarized by International Plant Nutrition Institute (IPNI), optimizing nutrient 
management includes using the right source and right rate at the right time and right place, the 
4R approach (IPNI, 2012).  Estimation of this “right rate,” however, is greatly influenced by 
numerous factors including hybrid background, transgenic insect protection, agronomic 
management practices, and soil fertility.  The foundation for understanding these relationships 
and thus hybrid uptake capabilities necessitates a review of nutrient mobility. 
     Differences in soil mobility of individual nutrients explain the major uptake mechanisms.  
Originally proposed by Bray (1954), nutrient mobility in soil is largely determined by the ionic 
state at which a nutrient is taken up by plant roots.  Mobile nutrients are those primarily taken up 
as anions including NO3
-
 and SO4
2-
 and with the exception of PO4
3-
, non-mobile nutrients 
primarily exist as cations such as NH4
+
, K
+
, Zn
2+
, and Mn
2+
.  Mobility explains how nutrients 
reach absorbing root surfaces (Bray, 1954) and a nutrient’s mobility partially influences the 
effectiveness of nutrient applications (Havlin et al., 1999). 
     Nutrients reach root surfaces for uptake via morphological growth of roots through nutrient 
rich soil and the physical and chemical transport of nutrients to root sorbing surfaces (Jungk and 
Claassen, 1997).  These principal methods explain the three specific mechanisms of nutrient 
uptake: i) root interception, ii) mass flow of nutrients in solution, and iii) diffusion of nutrients in 
solution (Havlin et al., 1999).  The first major mechanism, termed root interception, is the 
primary mode of nutrient uptake resulting from root growth through a soil medium (Oliver and 
Barber, 1966).  Root growth to nutrient rich sources is followed by ion exchange between soil 
and root surfaces (Havlin et al., 2005).  Although quantification of nutrient uptake through root 
interception is difficult (Brewster and Tinker, 1970), interception is primarily influenced by root 
surface area and length of root growth (Jungk and Claassen, 1997).  As much as 33% and 100% 
of Mg and Ca required for a corn crop is supplied by root interception (Barber, 1994).   
     Physical transport of soil nutrients, both mobile and immobile, is achieved through mass flow 
and diffusion through soil solutions (Barber, 1962).  Nutrients absorbed through diffusion move 
from an area of high concentration to low concentration.  As nutrients are absorbed from the 
surrounding soil solution a concentration gradient is established, causing ions to diffuse toward 
plant roots (Havlin et al., 1999).  Nutrient uptake through diffusion is enhanced by high 
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concentrations of nutrients in soil solution, soils with a greater portion of pore space filled with 
water, and a pore space geometry favoring water movement to plant roots (Jungk and Claassen, 
1997).  According to Barber (1994), as much as 93% and 80% of plant P and K in corn is 
acquired through diffusion.  The balance of nutrient uptake, then, is due to mass flow.  This 
process involves the transport of nutrients suspended in solution to plant roots as they absorb 
water, presumably due to shoot transpiration (Jungk and Claassen, 1997).  Uptake of nutrients 
through mass flow is influenced primarily by air temperature and relative humidity, soil moisture 
level, and nutrient concentration (Havlin et al., 1999).  Mass flow accounts for up to 79% and 
100% of corn crop requirements of N and S respectively (Barber, 1994) and a fraction of total P 
and K uptake (Jungk and Claassen, 1997).   
     Under optimal management and environmental conditions, soil mineralization (of N, S, and 
P), soil nutrient supply and applied fertilizer match crop need with nutrient availability.  
However, the ability of the corn root systems to acquire these supplied nutrients is influenced by 
the damage resulting from pest feeding.  Western corn rootworm (WCR), Diabrotica virgifera 
virgifera LeConte, is among the most damaging pests in the Midwest, costing United States’ 
farmers an estimated $1,000,000,000 annually in yield loss and control measures (Agricultural 
Research Service, 2001).  From late July to early September, WCR lay eggs in the soil of corn 
fields which hatch the following spring (Gray et al., 2009).  While larvae primarily feed on corn 
roots (Gray et al., 2009), adult beetles consume leaf, silk, pollen, and kernel tissue (Moeser and 
Vidal, 2005).  As reported by Kahler et al. (1985), the resulting root damage decreases yield, dry 
weight production, and plant uptake of N, K, and Mg. 
     As a result of increasing occurrences of resistance to foliar-applied insecticides (Meinke et al., 
1998), the adaption to corn-soybean rotation by a WCR variant (Gray et al., 2009), and the 
Environmental Protection Agency’s (EPA) desire to reduce organophosphate use, a new form of 
controlling WCR evolved.  Monsanto Company was the first to obtain EPA approval for the use 
of hybrids with transgenic resistance to damage from WCR (Environmental Protection Agency, 
2003).  Genetic modification expresses a Cry3Bb1 protein selectively toxic to corn rootworm 
species (Environmental Protection Agency, 2001).  Specifically, these hybrids produce the 
Bacillus thuringiensis (Bt) toxin that is proteolytically processed in the insect gut (Moellenbeck 
et al., 2001) and have been used as a biological pesticide for decades (Schnepf et al., 1998).  The 
greatest level of Cry3Bb1 protein expression occurs in the newest forming vegetative tissue (i.e. 
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leaf tissue) and progressively declines with increasing plant age (Nguyen and Jehle, 2009).  
Although WCR larvae primarily damage root tissues, only an estimated 10% of total Cry3Bb1 
content exists in root biomass (Nguyen and Jehle, 2009). 
 Rapid adoption of insect protected hybrids has occurred during the past 15 years in the 
United States and has raised the level of interest regarding biotechnology in the America’s 
(Traxler, 2006) and controversy in Europe (Joly and Lemarié, 1998).  Benefits of WCR resistant 
hybrids include improved consistency of insect control, healthier root systems, advancements in 
environmental and farmer safety, and increased yields (Rice, 2004).  Resistant hybrids result in 
significantly less damage and stunting (Vaughn et al., 2005) and presumably may be able to 
accumulate more water and soil mineral nutrients than non-protected isolines.  The introduction 
of biotechnology, and thus a new era of crop production and management, provides important 
questions about corn altered mineral nutrition.  Specifically, a lack of information exists 
indicating if current fertilizer recommendations are adequate in supporting presumably healthier, 
more robust root systems coupled with increased yields. 
 An unpublished study by Jason W. Haegele from 2008-2009 demonstrated the increased 
uptake of nitrogen, a soil mobile nutrient, in a series of rootworm resistant hybrids.  In another 
study, hybrids protected against WCR damage resulted in more robust root systems and a yield 
advantage of 11-66% even in low or no rootworm pressure situations (Ma et al., 2009).  
Additionally, these hybrids had longer roots with decreased nodal root injury and lodging, 
though no indication as to the influence on total nutrient uptake and removal.  It has been 
theorized that the roots of transgenic insect protected hybrids may accumulate more nutrients, 
specifically during grain fill.  When nutrients are partitioned and remobilized to corn grain, 
insect protected hybrids may supplement nutrient requirements with current assimilation and 
result in altered grain nutrient components.  Limited evaluations have occurred detailing the 
impact of WCR protection on nutrient concentration, uptake, and removal of key macronutrients 
and micronutrients. 
     Nutrient removal via corn grain is the product of grain nutrient concentration and yield.  
Agronomic management practices including planting density, hybrid and trait background 
selection, and soil fertility level can affect nutrient removal and subsequent maintenance 
fertilizer application rates (Below et al., 2010; Raymond et al., 2009; Hanway, 1962a).  Trait 
packages with biotech protection from European corn borer and western corn rootworm 
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increased nutrient removal of N (13%), P (22%), K (19%), S (16%) and Zn (24%) (Below et al., 
2010).  Extreme planting populations, those above and below recommended levels, reduced 
nutrient uptake despite continued increases in yield with increasing plant populations (Raymond 
et al., 2009).  Differences in cropping rotation and fertilization regime influenced the quantity of 
N, P, and K uptake and removal, with continuous corn and no fertility treatment only removing 
an estimated 19%, 32%, and 28% of N, P, and K respectively compared to a corn-corn-oats-
meadow-meadow rotation in optimum fertility management (Hanway, 1962a).  Ultimately, best 
management practices which improve nutrient uptake and yield must account for and replace 
those removed nutrients in sustainable systems, but must be reflective of modern management 
practices. 
     Environmental conditions, cropping rotations, fertilization rates, hybrid background, and trait 
packages have all been shown to influence grain nutrient concentrations, a crucial component of 
nutrient removal (Hanway, 1962b; Thiraporn et al., 1992; Below et al., 2010; Heckman et al., 
2003).  Across 23 site-years in five different states, hybrids exhibited rather large ranges in 
macronutrient concentrations of N (10.2 – 15.0 g kg-1), P (2.2 – 5.4 g kg-1), K (3.1 – 6.2 g kg-1), S 
(0.9 – 1.4 g kg-1), Mg (0.88 – 2.18 g kg-1), and Ca (0.13 – 0.45 g kg-1) (Heckman et al., 2003).  
Furthermore, micronutrients exhibited greater variation in concentration than macronutrients in 
these same 10 hybrids.  Isolating a single hybrid across six site-years resulted in grain nutrient 
concentrations with similar degrees of variability to multiple hybrids across 23 site-years 
(Heckman et al., 2003).   
     Like hybrid background, trait packages with insect protection can also influence maintenance 
fertilizer recommendations.  Hybrids protected against WCR and European corn borer as part of 
a transgenic insect protection trait package resulted in a yield increase of 16% corresponding 
with increases in grain nutrient concentration of Zn (7%) and P (5%) with decreases in Cu 
(15%), Mg (2%) and N (2%) (Below et al., 2010).  Additionally, it has been theorized that 
transgenic rootworm protection improves uptake of nutrients absorbed though root interception 
and diffusion more than it does nutrients taken up through mass flow (Below et al., 2010) 
suggesting that biotech insect protection may have a greater influence on immobile nutrient 
uptake than mobile nutrients.  These studies demonstrate that management of similar hybrids 
under different environmental conditions can substantially influence grain nutrient 
concentrations and nutrient removal values.   
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 The objective of this study was to evaluate the impact of hybrid background, transgenic 
insect protection from WCR, and the level of agronomic management on mineral nutrient uptake 
and removal for the key macro and micronutrients.   
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MATERIALS AND METHODS 
 
Experimental Design and Treatment Structure 
2008 and 2009 Trials 
At each location, treatments were arranged in a randomized complete block split-plot design 
with four replications.  Hybrids were randomly assigned as the main plot and nitrogen rates as 
the split plot.  Four locally adapted corn hybrids were utilized in this study which represented 
two near-isogenic pairs.  In each pair, the non-transgenic insect protected hybrid possessed only 
glyphosate tolerance (glyphosate, RR2), and the transgenic insect protected hybrid possessed 
herbicide tolerance and resistance to feeding from above-ground insects (Cry1Ab protein), and 
below-ground insects (Cry3Bb1 protein) (Table 2.1).  This treatment was designed to evaluate 
the effect of transgenic insect protection on nutrient uptake versus a check (non-transgenic insect 
protection).  Commercial hybrids were randomly selected based on strong marketshare in central 
and northern Illinois locations (Table 2.1).   
Individual experimental plots consisted of six 11.4 m rows spaced .76 m apart.  The two 
center rows were used to collect yield data and plant sampling at physiological maturity.  
Nitrogen rates (134, 202, and 268 kg N ha
-1
) were selected to represent a typical farm rate (202 
kg N ha
-1
) and rates of 67 kg N ha
-1
 above and below the typical rate. 
 
2010 and 2011 Trials 
Similar to 2008 and 2009, treatments were arranged in a randomized complete block split-
plot design with four replications.  Near-isogenic pairs (9) with similar genotypic background 
served as the main plot and transgenic insect protection the split-plot.  In each pair, the non-
transgenic insect protected hybrid possessed only herbicide tolerance (glyphosate, RR2; or 
glufosinate, HXX), and the transgenic insect protected hybrid possessed herbicide tolerance and 
resistance to feeding from certain above-ground insects (Cry1Ab, Cry2Ab2, or Cry1F proteins), 
and below ground insects (Cry3Bb1, mCry3A, Cry34Ab1, or Cry35Ab1 proteins) (Table 2.1).  
An additional hybrid pair (H-9014 GT) was included at Urbana in 2010.  An additional two 
treatments were included in 2011 to evaluate the impact of the level of agronomic management 
on nutrient uptake and partitioning: high technology and traditional management approaches.   
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The high technology management treatment consisted of an intensive, high-input systems 
approach compared to a standard agronomic production system.  The agronomic practices of the 
traditional management treatment included: planting populations to achieve a final stand of 
79,100 plants ha
-1
 and 202 kg N ha
-1
.  Agronomic practices of the high technology treatment 
included: planting populations to achieve a final stand of 111,200 plants ha
-1
, an additional 67 kg 
ha
-1 
of an enhanced efficiency N source, a P source enhanced with micronutrients, and a 
fungicide at VT/R1.   
An individual experimental unit consisted of four 5.33 m rows spaced .76 m apart.  The two 
center rows were used to collect yield data and the two adjacent rows were used for in-season 
plant sampling.  Six representative plants per plot were sampled, pooled, and partitioned at six 
incrementally spaced growth stages.  
 
Field Characteristics 
Field experiments were conducted at the Northern Illinois Agronomy Research Center in 
DeKalb, Illinois in 2009-2011 and the Department of Crop Sciences Research and Education 
Center in Urbana, Illinois in 2008-2011.  Soybean was the previous crop at each site-year by 
alternating with an adjacent field under corn-soybean rotation.  Soil types included a Flanagan 
silt loam at DeKalb and a Drummer-Flanagan silty clay loam at Champaign.  Available soil test 
results at each location are provided in Table 2.2.   
 
Agronomic Management  
2008 and 2009 Trials 
The research objective in 2008 and 2009 was to evaluate how different nitrogen fertilizer 
rates influenced nutrient uptake in transgenic insect protected hybrids and their non-resistant 
isolines.  Plots were planted with an ALMACO SeedPro 360 planter (ALMACO, Nevada, IA) to 
achieve an approximate plant density at harvest of 79,100 plants ha
-1
.  Non-insect protected 
hybrids received an in-furrow application of tefluthrin [2,3,5,6-tetrafluoro-4-
methylphenyl)methyl-(1a,3a)-(Z)-3-(2-chloro-3,3,3-trifluoro-1-propenyl)-2,2-dimethylcycloprop 
anecarboxylate] at a rate of 0.11 kg a.i. ha
-1
.  Weed control consisted of a pre-emergence 
application of S-metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-
methylethyl)acetamide), atrazine (6-chloro-N-ethyl-N′-(1-methylethyl)-1,3,5-triazine-2,4-
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diamine), and mesotrione ([2-[4-(methylsulfonyl)-2-nitrobenzoyl]-1,3-cyclohexanedione) at a 
rate of 7.0 L ha
-1
 and a post-emergence application of glyphosate [N-(phosphonomethyl)glycine].  
The nitrogen rates used in this study were 134, 202, and 269 kg N ha
-1
.  Nitrogen was applied as 
ammonium sulfate [(NH4)2SO4; 21-0-0-24S] in a diffuse band after emergence and incorporated 
between V2 and V3. 
 
2010 Trials 
The 2010 research objective evolved to include the effect of transgenic insect protection across a 
greater array of hybrid pairs in high fertility conditions.  As a result, fertility management was 
designed to have non-limiting rates of all macro and micronutrients.  Plots were again planted 
with an ALMACO SeedPro 360 planter (ALMACO, Nevada, IA) to achieve an approximate 
final stand of 84,000 plants ha
-1
.  All plots received an in-furrow application of tebupirimphos 
(O-[2-(1,1-Dimethylethyl)-5-pyrimidinyl]O-ethyl O-(1-methylethyl)phosphorothioate) and 
cyfluthrin  (cyano(4-fluoro-3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2-
dimethylcyclopropanecarboxylate) soil insecticide at planting at a rate of 0.11 kg a.i. ha
-1
.  At 
VT/R1, plots received an application of pyraclostrobin (carbamic acid, [2-[[[1-(4-chlorophenyl)-
1H-pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, methyl ester).  Weed control was similar to that 
of 2008 and 2009.  One week before planting, 202 kg N ha
-1
 as UAN 28% [CO(NH2)2 + NH4NO3 
+ H2O; 28-0-0]  was applied and incorporated.  At planting, 168 kg P2O5 ha
-1
 was applied as 
MESZ [MicoEssentials SZ; 12-40-0-10S-1Zn] (The Mosaic Company, Plymouth, MN) 
supplying an additional 50 kg N ha
-1
, 42 kg S ha
-1
, and 4.2 kg Zn ha
-1
.  At V6, a sidedress 
application of 67 kg N ha
-1
 was applied as urea with urease and nitrification inhibitors 
[CO(NH2)2  + n-(n-butyl) thiophosphoric triamide + dicyandiamide; 46-0-0] (Agrotain 
International, Saint Louis, MO). 
 
2011 Trials 
Additional high technology and traditional management treatments were added in 2011.  
Plots were planted to achieve approximate final stands of 79,100 plants ha
-1
 and 111,200 plants 
ha
-1
.  All plots received in-furrow soil insecticide, weed control, and fungicide applications as 
described in 2010.  One week before planting, all plots received an incorporated application of 
202 kg N ha
-1
 as urea [CO(NH2)2; 46-0-0].  The application of phosphorus as MESZ was the 
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same as described in 2010.  At V6, high technology plots received a sidedress application of 67 
kg N ha
-1
 as urea with a urease inhibitor [CO(NH2)2 + n-(n-butyl) thiophosphoric triamide; 46-0-
0] (Agrotain International, Saint Louis, MO).   
 
Plant Sampling and Partitioning 
In 2008 and 2009, total plant nutrient uptake was determined at R6 (physiological maturity) 
and partitioned between two plant components: grain and stover (leaf, stalk, and reproductive 
tissues).  When at least 50% of plants exhibited a visible kernel black layer at R6, five 
representative plants were selected from rows 2 and 3 and sampled at the soil surface.   
In 2010 and 2011, the objective included evaluating seasonal biomass and nutrient 
partitioning patterns.  As a result, plants were sampled at six incrementally spaced growth stages: 
V6 (vegetative leaf stage 6), V10 (vegetative leaf stage 10), V14 (vegetative leaf stage 14), R2 
(reproductive blister), R4 (reproductive dough), and R6 (physiological maturity) (Hanway, 
1963).  When at least 50% of the plants exhibited the respective growth stage, six representative 
plants were sampled at the soil surface from rows 1 and 4.  Plant tissues were separated into four 
components: stalk and leaf sheaths; leaf blades; tassel, cob, and husk leaves; and corn grain.  The 
following will be referred to as stalk, leaf, reproductive, and grain tissue respectively.   
The total fresh weights (TFW) of individual stalk, leaf, and stover (2008 and 2009) tissues 
were measured.  Samples were shredded (Vermeer BC600XL Chipper, Vermeer Corporation, 
Pella, IA) to obtain a representative subsample which was used to determine subsample tissue % 
moisture content (% MC), fresh weight (FW), and dry weight (DW).  Dry weights were 
measured after subsamples were dried to a constant weight at 75° C.  Percent moisture content 
was determined according to Equation 1.   
      (
     
  
)               (1) 
Equation 2 was used to estimate total dry weight (TDW) using subsample % moisture content (% 
MC).   
           –                   (2) 
Due to less overall reproductive tissue biomass, subsamples were not required.  Samples were 
dried to a constant weight at 75° C and dry weight was determined.  From the ears of sampled 
plants at R4 and R6, grain was dried to a constant weight and % moisture content (%MC) was 
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determined using a dielectric (capacitance) type grain moisture meter (SL95, Steinlite Corp., 
Atchison, Kansas).   
 
Sample Preparation and Results 
Stover (2008 and 2009), stalk, leaf, reproductive, and grain tissues were ground using a 
Wiley Mill (Thomas Scientific, Swedesboro, NJ) through a 2 mm mesh screen.  An approximate 
50 mg subsample was randomly selected for nutrient concentration analysis.   
Subsamples were analyzed for N, P, K, Mg, S, Zn, Mn, B, Fe, and Cu (A & L Great Lakes 
Laboratories, Inc., Fort Wayne, IN).  Calcium was excluded from the analysis due to low grain 
and stover concentrations.  Nitrogen was analyzed using a combustion method and other 
nutrients using a two part process of acid-microwave digestion and ICP analysis.  Results were 
provided for macronutrients and micronutrients on a percentage and parts per million basis 
respectively. 
 
Grain Nutrient Content, Total Nutrient Uptake, and Nutrient Harvest Index 
Grain dry weight and corresponding nutrient concentrations were used to calculate nutrient 
removal with the assumption that only corn grain was exported.  This value is a critical factor in 
the implementation of accurate fertilizer recommendation and replacement rates.  Equations 3 
and 4 were used to calculate grain macronutrients and micronutrient contents. 
                                                             (3) 
                                                        (
    
    
)   (4) 
Corresponding stover (2008 and 2009), stalk, leaf, and reproductive tissue nutrient contents were 
calculated with similar equations as presented in 3 and 4.  Total aboveground nutrient uptake was 
calculated according to Equation 5 (2008 and 2009) and Equation 6 (2010 and 2011).  This value 
estimates the quantity of available nutrients used to achieve corresponding grain and stover 
yields.   
                ∑                                       (5)  
                ∑
                                    
                                         
 (6) 
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Nutrient harvest index values estimate partitioning efficiency of nutrients to corn grain.  These 
values identify the quantity of nutrient uptake partitioned to corn grain and were calculated 
according to Equation 7. 
                    (
               
              
)            (7) 
Statistical Analyses 
Total nutrient uptake, grain nutrient content, harvest index, and grain nutrient concentrations 
were analyzed using PROC MIXED (SAS 9.2; SAS Institute Inc., Cary, NC) and the assumption 
of equal variances.  All units are expressed on a dry weight (0% moisture) basis.  Location, 
hybrid pair, rootworm resistance, nitrogen rate (2008 and 2009), and management (2011) were 
included as fixed effects and replication as a random effect.  PROC UNIVARIATE was used to 
determine potential outliers and assess normality of residuals. 
Nutrient uptake and partitioning figures were prepared with SigmaPlot (SigmaPlot v11.0; 
Systat Software Inc., San Jose, CA).  Means generated from statistical analysis were imported 
into SigmaPlot. Seasonal uptake figures were generated with the Simple Spline Curve option 
with smoothed data points.   
 
Grain Yield  
Rows 2 and 3 of every plot were harvested for grain yield with an ALMACO SPC40 
combine (ALMACO, Nevada, IA).  Grain yield measurements are reported at 0% moisture 
concentration in Mg ha
-1
.   
In 2010 and 2011, grain weight at R4 was determined using the pooled weight of six ears 
from sampled plants.  Corresponding grain nutrient concentrations were used to calculate grain 
nutrient content and total nutrient uptake.  Grain yield and nutrient uptake calculations at R6 
were estimated using the combine weights from harvested rows. 
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RESULTS AND DISCUSSION 
 
Across seven site-years, elements of nutrient uptake and removal were evaluated with respect 
to four factors: hybrid background, transgenic insect protection, management, and weather.   
 
Hybrid Background 
Analysis of Variance (ANOVA) for hybrid background (see Table 1.2 in Chapter 1) showed 
significant variation (P < 0.05) in nutrient removal for yield, N, P, Mg, S, Zn, B,  and Cu.  
However, statistical yield differences (P < 0.05) did not consistently and similarly affect the level 
of nutrient removal (Table 2.3).  Hybrid DKC64-24, for example, yielded 0.6 to 1.1 Mg ha
-1
 
lower than other evaluated hybrids but still had similar nutrient removal of P, K, Mg, Zn, Mn, B, 
Fe, and Cu to that of other, higher yielding hybrids.  Among other hybrids, DKC61-21 and 
DKC61-69 produced similar yield levels, but with different quantities of P, Mg, and B nutrient 
removal (Table 2.3).  These data suggest that differences in nutrient removal may vary among 
hybrids.  Accurate determination of nutrient removal values for maintenance fertilizer rates 
necessitates the use of yield and grain nutrient concentrations. 
In general, variation in nutrient removal among hybrid backgrounds was greater among the 
micronutrients than the macronutrients (Table 2.3).  Micronutrient CV levels were as much as 
three-fold greater than macronutrient levels.  Yield level and S removal were the least variable of 
measured parameters.  In a series of hybrids across 23 site-years, Heckman et al. (2003) 
compared nutrient removal by evaluating the grain nutrient concentrations.  The results similarly 
found micronutrients to exhibit greater variability than macronutrients – generally a two to three-
fold CV increase. 
  
Transgenic Insect Protection 
In Urbana (2010), hybrids representing four commercially available transgenic insect 
protection traits (Table 2.1) were evaluated.  Due to soybean as the previous crop, soil 
insecticides at planting, and transgenic protection from WCR, it is estimated that low levels of 
WCR pressure occurred.  Variable increases in yield and nutrient removal of N, P2O5, K2O, S, B, 
and Cu occurred in evaluated hybrids (Table 2.4).  Generally, increases in removal of a specific 
nutrient were accompanied by significant yield increases, although yield increases did not 
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guarantee increased nutrient removal.  In the DKC64-24 comparison, the hybrid with transgenic 
insect protection yielded 12% (P < 0.01) greater than no transgenic insect protection but without 
increased nutrient removal.  Hybrid DKC61-21 SSTX produced greater yield (9%) and N (16%), 
P2O5 (20%), K2O (19%), S (11%), and B (48%) removal over the non-transgenic line.  In the 
hybrid containing Agrisure transgenic protection, a 59% increase in Cu removal was achieved 
despite no significant increase in yield.  Similar to results obtained with transgenic protection 
from European corn borer by Ma and Subedi (2005), no effect of Herculex (HXX) transgenic 
insect protection was observed in yield and nitrogen removal (Table 2.4).  Despite limited studies 
comparing transgenic against non-transgenic insect protected isolines, a brief extension bulletin 
by Wortmann et al. (2011) observed minimal yield differences due to the transgene.  Our results, 
however, suggest a yield increase of nearly 1.0 Mg ha
-1
 or more is achieved in at least one-half of 
hybrids evaluated.  Conclusions of Wortmann et al. (2011) agree that transgenic WCR hybrids 
may have as efficient or more efficient nutrient recovery in comparison to other, non-transgenic 
hybrids.   
Across three site-years in 2008 and 2009, transgenic insect protection consistently increased 
total biomass and grain nutrient uptake and removal.  Total nutrient uptake was responsive (P < 
0.05) to transgenic protection for biomass and four nutrients (Table 2.5).  Most notable was P2O5 
uptake (10% increase), followed by B (8%), Zn (6%), and N (5%) (Table 2.6).  Additionally, P 
and B uptake exceeded the increase in biomass (7%), suggesting that transgenic WCR protection 
was able to achieve higher nutrient concentration values in leaf, stalk, reproductive, and/or grain 
tissues.  While transgenic hybrids protected from corn rootworm increased plant biomass, this 
did not ensure increased uptake of all nutrients, specifically K, Mg, S, Mn, Fe, and Cu.  Although 
this data indicates similar nutrient use (i.e. total nutrient uptake), nutrient removal estimates 
suggested increased maintenance fertilizer rates.    
Although WCR populations were not expected to be present at economic levels, transgenic 
protected lines from WCR resulted in greater yields and nutrient removal of eight additional 
nutrients (Table 2.5).  Transgenic WCR protection resulted in a yield increase of 0.9 Mg ha
-1
 (P 
< 0.0001) across hybrids planted at three site-years (Table 2.6).  In a three year study by Ma et 
al. (2009), a similar experimental approach found that transgenic protection achieved yield 
improvements from 11 – 66% over the non-resistant isoline.  Additionally, our experiments 
grown in 2008 showed low levels of root damage (less than 0.15 NIS, data not shown) from 
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WCR despite significant yield increases (18%) with transgenic rootworm protection.  Ma et al. 
(2009) similarly found yield advantages of transgenic insect protection, even in years with low or 
no rootworm pressure which he ultimately attributed to the development of a more well-
developed fibrous root system.     
The increased yield (10%) corresponded to increases in nutrient removal of Zn (14%), P2O5 
(13%), B (13%), K2O (10%), N (9%), S (9%), Fe (8%), and Mg (7%) as shown in Table 2.6.  
Although improvements in yield magnified increases in nutrient removal, grain nutrient 
concentrations were found to impact those values.  Transgenic protection was significant (P < 
0.05) for altering grain nutrient concentration of N, Mg, Zn, and Cu (Table 2.7).  Despite 
decreases in the concentration of grain N, Mg, and Cu, the nutrients P and Zn increased in 
concentration presumably due to the transgenic protection.  
Grain nutrients Zn and P are obtained from a combination of substantial nutrient uptake after 
VT/R1 and marked remobilization from other plant tissues (Chapter 1).  Nutrient concentrations 
of grain P and Zn, however, were largest under conditions with greater post-flowering uptake: 
DeKalb, 2011 (3.2 g P kg
-1
) versus Urbana, 2011 (2.1 g P kg
-1
) and DeKalb, 2011 (21.0 mg Zn 
kg
-1
) versus Urbana, 2011 (16.7 mg Zn kg
-1
), suggesting its importance in the determination of 
grain P and Zn contents.  While substantial yield improvements increased the quantity of P and 
Zn partitioned to corn grain (Table 2.6), further increases resulted from nutrient concentration 
variations.  The effect of increased yield magnified increases from grain Zn (4%) and slight (2%) 
increases in P concentrations, both of which utilize post-flowering, diffusion based uptake (Table 
2.8).  These results demonstrate that while multiple sources contribute to grain P and Zn content, 
improved post-flowering nutrient uptake from transgenic WCR insect protection contributes to 
increased grain nutrient concentration and removal. 
 
Management 
The increase in nutrient uptake resulting from transgenic protection is magnified at higher N 
rates (Table 2.9).  Marked increases in yield from transgenic protection were identified at all N 
levels and regardless of N rate, the observed yield increases (10%) were similar.  Total biomass 
production was unaffected at low N rates, but resulted in significant gains (9%) at 268 kg N ha
-1
.  
In general, the difference in nutrient uptake between isolines increased as hybrids were exposed 
to successive increases in N rate, similar to that of plant biomass production (Table 2.9).  
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Transgenic isolines increased nutrient uptake of P2O5 (13%), K2O (13%), Zn (12%), and N (8%) 
at the highest applied N rate.  Although a yield increase (10%) was observed at low N, there 
were no differences in nutrient uptake.  Together, these data suggest that the full value of 
transgenic insect protection is realized when hybrids are grown in high yielding conditions. 
During 2011, traditional and high technology management treatments did not affect grain 
yield, although yields trended higher by 0.2 Mg ha
-1
 when grown under intensive (high 
technology) management (Table 2.10).  As expected, the high technology approach resulted in an 
increase in total plant biomass (per area basis) and decreased individual plant biomass (per plant 
basis).  Significantly smaller (23%) plants grown at a higher population compensated for the 
reduction in individual plant size.  Total nutrient uptake data exhibited differences in per area 
biomass and per plant biomass, but no difference in yield between locations.  Individual plants 
were 44.2 g plant
-1
 larger in DeKalb, resulting in a 4.2 Mg ha
-1
 (21%) increase in total biomass 
production.  Although grain yield was numerically higher in DeKalb, the increase was not 
statistically significant.  These results generally agree with Karlen et al. (1987), which 
documented a 1.8 Mg ha
-1
 increase in total biomass as populations increased from 70,000 to 
100,000 plants ha
-1
.  Furthermore, a study involving four planting populations resulted in the 
highest grain and stover yield at the highest population, 86,000 plants ha
-1
 (Raymond et al., 
2009).  Management practices which match increased planting populations with improved 
management are the most likely to increase total biomass production and corresponding yield 
levels. 
Total dry weight production was 1.8 Mg ha
-1
 greater in the high technology management 
approach causing a 3% decrease in dry weight HI (Table 2.11).  In general, increases in total 
nutrient uptake were observed for all nutrients, particularly Fe (16%), K (15%), and B (11%).  
Raymond et al. (2009) reported that quantities of nutrient uptake varied by planting population, 
though the lowest levels were consistently found at the lowest and highest planting densities.  
Increased total biomass with little observed yield response (Table 2.10) would suggest that 
nutrients with low harvest index values should have higher total uptake.  Data presented in Table 
2.11, in fact, supports this conclusion as K, Mg, B, and Fe have increased uptake.  Despite no 
response of N and S uptake to management, significant decreases in HI were observed (Table 
2.11).  Under high technology management conditions, macronutrient HI values decreased by 
one to four percentage points though no significant differences in HI were identified for 
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micronutrients.  Unfavorable conditions for nutrient mineralization and uptake led to overall 
lower total nutrient uptake totals compared to 2010 averages (Table 2.6).   
Weather and Location-Biomass Production and Total Nutrient Uptake 
Weather conditions in Urbana during 2011 included near normal temperatures during 
vegetative growth proceeded by above average grain-fill temperatures (Figure 2.1A).  Season-
long precipitation in Urbana totaled 31.4 cm with only an estimated 8.4 cm during grain-fill.  In 
DeKalb, however, average temperatures occurred season long (Figure 2.1B).  Total recorded 
precipitation was over 22 cm greater than Urbana, resulting in a two-fold increase in grain-fill 
precipitation.  These differences in weather had a large impact on biomass production and 
nutrient uptake during reproductive growth.   
Significant differences were identified for biomass production and in nine of the ten nutrients 
analyzed for total nutrient uptake (Table 2.12).  With the exception of Zn, there were no 
significant differences between transgenic insect protection compared to the unprotected isoline 
(Table 2.12).  As a result, isolines were combined within locations, but means were separated 
between Urbana and DeKalb (Figures 2.2A-2.2D, 2.3A-2.3D, 2.4A-2.4D, 2.5A-2.5D, 2.6A-
2.6D, 2.7A-2.7B).   
Total dry weight production in DeKalb was 4.5 Mg ha
-1
 larger than observed in Urbana.  
DeKalb produced more grain (0.9 Mg ha
-1
), stalk (2.3 Mg ha
-1
), and reproductive (1.3 Mg ha
-1
) 
tissue dry weight (Figures 2.2A-2.2B).  No measureable differences were found in leaf tissue 
biomass.  Although Urbana had greater daily rates of dry weight accumulation from V10 – V14 
(609 versus 371 kg ha
-1
 day
-1
) and from R2 – R4 (448 versus 336 kg ha-1 day-1), the rate from R4 
– R6 was over three-fold greater in DeKalb (65 versus 222 kg ha-1 day-1).  This 40 day period of 
reproductive growth (Abendroth et al., 2011) accounted for over one-third of DeKalb’s total dry 
weight production, compared to only 13% in Urbana. 
A 22% increase in total biomass production in DeKalb resulted in no yield increase (Table 
2.13) which was due to a lower dry matter harvest index (data not shown).  Despite transgenic 
protection against western corn rootworm, heavy infestations resulted in high levels of silk 
clipping and poor pollination, presumably reducing effectiveness of insect protection in DeKalb.  
Increases in overall biomass accompanied an increase in total nutrient uptake of all nutrients (P < 
0.01), except Mg, B, and Fe.  In DeKalb, total uptake increased the most for K2O (116%), P2O5 
(109%), Zn (72%), and N (63%). 
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Nutrient removal in corn grain at DeKalb was higher than at Urbana for N (57%), P2O5 
(65%), K2O (70%), Mg (39%), S (17%), Zn (38%) and B (47%).  The largest increases in 
nutrient removal were generally associated with those nutrients utilized in the greatest quantities.  
Increases in nutrient removal at similar yield levels resulted when the grain had higher nutrient 
concentration values (Table 2.14).  Reduced total uptake of Mg and B at DeKalb corresponded 
with significant increases in Mg and B removal (Table 2.13), illustrating the importance of grain 
nutrient concentrations when determining maintenance fertilizer recommendations (Table 2.14). 
Total nutrient uptake values varied in relation to 2010 averages.  This variation was due, in 
part, to limited precipitation during grain fill which limited post-flowering nutrient availability in 
Urbana.  As such, nutrient removal trended lower in relation to DeKalb and both sites in 2010.  
Favorable conditions for mineralization in DeKalb, however, allowed for maximum biomass 
production and total nutrient uptake (Table 2.13).  Nutrient removal values in DeKalb did, 
however, more closely match 2010 averages.  A combination of lower grain yields in DeKalb 
(2011) and presumed luxury consumption of excess nutrients produced high grain nutrient 
concentration values relative to Urbana (Table 2.14).  In a series of hybrids grown across 23 site-
years, Heckman et al. (2003) obtained similar grain nutrient concentration values as those found 
in DeKalb (2011).   
Maximum rates of dry weight production and the degree of total biomass production by 
VT/R1 suggest contrasting strategies for corn development and nutrient acquisition (Table 2.14).  
A slower maximum rate of dry weight accumulation (371 kg ha
-1 
day
-1
) but longer duration 
explained the increased biomass production in DeKalb (Figure 2.2A-2.2B).  Early season 
vegetative dry weight production in Urbana matched maximum dry weight production rates of 
Karlen et al. (1988), however, the inability to sustain production rates throughout grain-fill 
translated into low overall biomass production and lower grain yield.  Reduced dry weight 
production may partially explain the limited post-flowering nutrient uptake in Urbana.  A second 
rationalization for limited post-flowering nutrient assimilation includes the effects of low soil 
moisture.  Low soil moisture levels would be expected to reduce nutrient acquisition, namely 
nutrients absorbed through mass flow and diffusion.  Unlike Urbana, nutrient uptake in DeKalb 
favored post-flowering uptake, critical for N, P, Mg, S, Zn, Mn, and Cu accumulation (Table 
2.14), similar to P, S, Zn, and Cu uptake during 2010.  As expected, greater post-flowering 
uptake of all nutrients coincided with greater levels of precipitation during July and August 
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(Figures 2.1A and 2.1B).  The maximum rate of K2O accumulation in DeKalb was over four-fold 
of that measured in Urbana.  In contrast, Mg and B assimilation were nearly two-fold greater in 
Urbana. 
 
Weather and Location-Nutrient Assimilation and Partitioning 
Plant N and S achieved similar nutrient HI values of 53% to 59%, as estimated from Figures 
2.2C-2.2D and 2.4A-2.4B.  The source of grain N and S, however, varied in response to 
differences between location and environmental conditions.  In Urbana, 82% of grain N was 
obtained from remobilization, compared to only 26% at DeKalb.  Of the maximum measured N 
content in plant tissues, there was a reduction in leaf (68 kg N ha
-1
), stalk (18 kg N ha
-1
), and 
reproductive tissues (14 kg N ha
-1
) to supply grain N needs (Figure 2.2C).  A similar trend was 
observed with S where variation in post-flowering S uptake due to grain-fill rainfall was 
presumed to have altered source of S for the grain (Figures 2.4A-2.4B).  While approximately 
one-half of grain S was supplied from post-flowering uptake in Urbana, over four-fifths was 
supplied by the same mechanism in DeKalb.  Reductions in maximum measured tissue contents 
were also identified: leaf (48%), stalk (42%), and reproductive tissues (55%).  In Urbana, the 
slightly higher N HI increase (57%) compared to DeKalb (55%) as well as S (59% versus 53%), 
suggests that limitations in nutrient availability alters source of grain N and S and the magnitude 
of remobilization. 
 Of all nutrients measured, P had the highest HI by nearly 20% compared to the next closest 
nutrients which included N, S, and Zn (See Table 1.3 in Chapter 1).  As demonstrated in Figures 
2.3A and 2.3B, considerable variation also existed in the percentage of total P partitioned to the 
grain between Urbana (82%) and DeKalb (64%) during 2011.  This variation, in response to 
environmental conditions, utilized remobilization and current assimilation after flowering to 
meet grain P needs (Figures 2.3A-2.3B).  Post-flowering uptake accounted for one-quarter of 
grain P in Urbana but nearly two-thirds of grain P in DeKalb.  Furthermore, uptake after R4 
accounted for 33 kg P2O5 ha
-1
 of grain P in DeKalb compared to only 0.4 kg P2O5 ha
-1
 in Urbana.  
Grain P was additionally supplied by leaf and stalk remobilization, but at different magnitudes.  
Ample P supply in DeKalb resulted in high P concentrations in leaf and stalk tissues compared to 
those in Urbana (data not shown).   Although stalk P concentration in DeKalb was two-fold 
larger at R2, the difference increased to three-fold by R6.  Similarly, leaf P concentration was 
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one-third greater than Urbana at R2 but nearly five-fold larger at physiological maturity.  The 
reduction in leaf P concentration in Urbana supplied 15.4 kg P2O5 ha
-1
 to grain P.  Despite the 
high degree of remobilization in Urbana, grain P concentration remained 50% greater (3.22 
versus 2.14 g P kg
-1
) in DeKalb.  These data suggest that conditions which limit post-flowering P 
uptake result in enhanced remobilization from other plant tissues to supplement grain P needs.  
While fertilizer recommendations utilize yield and grain P concentrations, a 50% increase in P 
nutrient removal at similar yield levels occurred across environmental and locational differences.   
In general, K and Mg assimilation favored early season growth – as much as four-fifths of 
total uptake occurred before VT/R1 (Figures 2.3C-2.3D, 2.4C-2.4D).  Although total measured 
uptake was 150 kg K2O ha
-1
 in Urbana, a two-fold increase in K2O uptake was observed at 
DeKalb.  At physiological maturity, 81% of total plant K2O at DeKalb remained in stover 
compared to 75% in Urbana.  As a result of conditions favoring optimum nutrient assimilation, 
excess K2O was thus stored in other plant vegetation.  Stalk tissues contained nearly 45% (141 
kg K2O ha
-1
) of total potassium at DeKalb compared to less than 30% (44 kg K2O ha
-1
) at 
Urbana.  Unlike substantial post-flowering uptake of N, P, and S, concentrations of elemental K 
in stalk tissue suggest major differences occurred only during early season growth.  Stalk dry 
weight production was 2.3 Mg ha
-1
 greater in DeKalb in addition to a nearly three-fold greater 
stalk K concentration at V10 (51.7 versus 18.9 g K kg
-1
, data not shown). This difference in stalk 
K concentration was magnified to a four-fold difference at R2 (25.2 versus 5.6 g K kg
-1
, data not 
shown).  Locational differences in soil K levels (Table 2.2) may explain the early and sustained 
K2O uptake in DeKalb.  At both locations, a reduction in plant K (~15 kg K2O ha
-1
) after R4 was 
observed, similar to losses of plant K2O reported by Karlen et al. (1988) and Karlen et al. (1987) 
with leaching as a possible reason for this loss.  Contrary to K, total Mg uptake in Urbana was 
12.6 kg ha
-1
 greater than observed in DeKalb (Figures 2.4C-2.4D).  As with N, P, and K, reduced 
Mg uptake resulted in a near two-fold greater Mg HI in DeKalb (Figure 2.4D).  Although 
previous HI variations were due to remobilization, Mg plant immobility (Karlen et al., 1988) 
resulted in a different method of obtaining a relatively high HI value.  Interestingly, 25% (8.1 kg 
Mg ha
-1
) more Mg uptake occurred in DeKalb after R4 which accounted for the difference in HI 
values (25% versus 47%).  A greater soil Mg concentration in DeKalb (Table 2.2) may account 
for sustained Mg uptake until physiological maturity.  Furthermore, grain Mg concentration was 
nearly 0.30 g Mg kg
-1
 greater in DeKalb, despite lower total Mg uptake.  Conversely, stalk and 
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leaf Mg concentrations were consistently two-fold greater in Urbana, which appeared to act as 
vegetative sinks for excess Mg.  While excess early season K and Mg uptake utilized stalk 
tissues for storage, rather limited remobilization occurred.  Although reduced total K uptake 
resulted in a higher HI, Mg achieved a higher HI resulting from late season uptake and 
immediate partitioning to grain.   
Under optimal growing conditions (DeKalb, 2011), micronutrients Zn, Cu, and Mn favored 
uptake during reproductive growth (Figures 2.5A-2.5B, 2.6C-2.6D, 2.7A-2.7B).  Post-flowering 
macronutrient uptake in DeKalb generally partitioning nutrients to grain, although lower nutrient 
HI values at R6 resulted when compared to Urbana.  Presumably due to reduced grain demand, 
micronutrients were partitioned to leaf tissue resulting in increased content of leaf Mn (34.6 g  
ha
-1
), Cu (42.2 g ha
-1
), and Zn (6.9 g ha
-1
) between R2 and R6.  In fact, a steady rise in leaf Mn 
concentration was observed from V10 (36.6 mg kg
-1
) to R2 (37.5 mg kg
-1
) to R6 (48.0 mg kg
-1
, 
data not shown). While grain macronutrients were obtained from both post-flowering nutrient 
assimilation and remobilization, micronutrients exhibited a different strategy.  With the 
exception of Zn, limited grain micronutrient requirements (low HI) suggest corn completes post-
flowering uptake by R4 (Figures 2.5C-2.5D, 2.6A-2.6D, 2.7A-2.7B).     
Unlike macronutrients and Zn, micronutrients including Mn, B, Fe, and Cu exhibited 
considerably reduced mobility characteristics within the plant.  At both locations, extensive 
quantities of stalk Zn remobilization occurred (Figures 2.5A-2.5B).  In Urbana, where limited 
post-flowering Zn uptake corresponded with elevated grain Zn demands, 53% of maximum 
measured leaf Zn content was remobilized to the grain (Figure 2.5A).  Boron, however, 
displayed no mobility from stalk or reproductive tissues to corn grain (Figure 2.6A).  Between 
V14 and R2 in Urbana, no additional leaf B accumulation occurred, allowing current 
assimilation to meet reproductive B needs.  In general, this partitioning mechanism was in 
agreement with 2010 findings which showed leaf B remobilization to reproductive tissues during 
VT/R1.  Unexpectedly, leaf B concentration in DeKalb dropped by 30% after R4 to 8.1 mg B   
kg
-1
 at R6 (data not shown).  Similar to B, Fe exhibited considerable variations in leaf 
concentration (data not shown).  Leaf Fe contents in Urbana peaked at V6, VT/R1, and R6 which 
are in agreement with 2010 means.  According to Karlen et al. (1988), leaf Fe contents peaked at 
700 and 1200 GDU’s with no remobilization to corn grain or to other vegetative tissues.  
Manganese (Figure 2.5C-2.5D) and Cu (Figure 2.7A-2.7B) demonstrated no remobilization 
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tendencies, although variations in levels of total nutrient uptake were driven primarily by 
differences in leaf nutrient concentration.  
 
 
CONCLUSIONS 
 
The introduction of biotechnology, and thus a new era of crop production and management, 
provides significant questions about mineral nutrition requirements in corn.  Specifically, a lack 
of information exists indicating if current fertilizer recommendations are adequate for transgenic 
insect-protected hybrids, grown in modern management systems.  Across numerous site-years in 
central and northern Illinois locations, hybrid background, transgenic insect protection, 
agronomic management, and location influenced nutrient uptake, removal, partitioning, and grain 
nutrient concentrations.   
Management decisions under farmers’ control such as individual hybrid and field-specific 
agronomic management affect nutrient management considerations.  Of utmost importance, is 
understanding that not all hybrids are not the same, namely from yield and nutrient uptake, 
removal, and partitioning perspectives.  Variations among hybrid background/family can be as 
much as or greater than differences resulting from transgenic insect protection.  Increases in 
yield resulting from transgenic protection most consistently corresponded with increased nutrient 
removal, although not all transgenic protection offerings equally increased yield or grain nutrient 
concentrations. 
Weather and locational differences primarily influenced nutrient uptake by altering the 
quantity of nutrients accumulated post-flowering.  In droughty conditions, such as Urbana during 
2011, limited nutrient mineralization and uptake occurred, requiring extensive remobilization 
from vegetative tissues to meet grain nutrient needs.  Increased precipitation during warm 
weather provided optimum conditions for nutrient uptake through diffusion and mass flow 
reducing the need for nutrient remobilization in DeKalb.  Improved environmental conditions for 
nutrient assimilation led to elevated grain nutrient concentrations despite similar yield levels, 
increasing nutrient removal.  Because nutrient removal varied with respect to location and 
environmental conditions, hybrid background, transgenic traits, and field specific management, 
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the most accurate method of estimating maintenance fertilizer rates requires the use of yield and 
grain nutrient concentrations.   
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TABLES 
 
Table 2.1. Commercial hybrid pairs (near-isolines) with and without with transgenic insect protection.  Shown are hybrids with the 
technology and associated crystalline proteins used for insect protection.  These hybrids were grown from 2008-2011 at DeKalb and 
Urbana, Illinois.   
α 
Evaluated at Urbana, Illinois only. 
Hybrid Pair Non-Transgenic hybrid Transgenic Hybrid Maturity Technology Insect Protection 
2008      
  1
α
        DKC61-72 RR2      DKC61-69 VT3 111 YieldGard Cry1Ab + Cry3Bb1 
  2
α
        DKC63-45 RR2      DKC63-42 VT3 113 YieldGard Cry1Ab + Cry3Bb1 
2009      
1        DKC61-72 RR2      DKC61-69 VT3 111 YieldGard Cry1Ab + Cry3Bb1 
  2
α
        DKC61-22 RR2      DKC61-19 VT3 111 YieldGard Cry1Ab + Cry3Bb1 
3        DKC63-45 RR2      DKC63-42 VT3 113 YieldGard Cry1Ab + Cry3Bb1 
  4
α
        DKC64-27 RR2      DKC64-24 VT3 114 YieldGard Cry1Ab + Cry3Bb1 
2010      
1        DKC61-72 RR2      DKC61-69 VT3 111 YieldGard Cry1Ab + Cry3Bb1 
2        DKC61-22 RR2      DKC61-21 SSTX 111 SmartStax Cry1A.105 + Cry2Ab2 + Cry1F + 
Cry3Bb1 + Cry34Ab1/Cry35Ab1 
3        P33W80 RR2      P33W84 HXX 111 Herculex  Cry1F + Cry34Ab1/Cry35Ab1 
4        H-9014 GT      H-9014 3000 GT 112 Agrisure Cry1Ab + mCry3A 
5        DKC63-45 RR2      DKC63-42 VT3 113 YieldGard Cry1Ab + Cry3Bb1 
6
 
       DKC64-27 RR2      DKC64-24 VT3 114 YieldGard Cry1Ab + Cry3Bb1 
2011      
1        N68B GT      N68 3111 GT 110 Agrisure Cry1Ab + mCry3A 
2        DKC61-22 RR2      DKC61-21 SSTX 111 SmartStax Cry1A.105 + Cry2Ab2 + Cry1F + 
Cry3Bb1 + Cry34Ab1/Cry35Ab1 
3        P33W80 RR2      P33W84 HXX 111 Herculex  Cry1F + Cry34Ab1/Cry35Ab1 
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       Table 2.2. Initial soil test characteristics (0-15 cm) at DeKalb, Illinois and Urbana, Illinois locations. 
 
 
 
     
            † 
P, K, Mg, and Ca was extracted with Mechlich III solution.   
            α 
P concentration was determined using Bray-P1 test.  
  
Location 
Organic Matter 
(%) 
Soil 
pH 
NO3-N 
(ppm) 
P 
(ppm) 
K 
(ppm) 
Mg 
(ppm) 
Ca 
(ppm) 
S 
(ppm) 
Zn 
(ppm) 
Urbana, 2011
†
 4.4 5.80 3 40 153 491 2936 - - 
DeKalb, 2011
α
 2.7 7.15 6 53 244 823 3051 13.3 2.58 
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Table 2.3. Macronutrient and micronutrient removal among five hybrid pairs at Urbana and 
DeKalb, IL (2010).  Means of each hybrid background include the average of non-transgenic and 
transgenic insect protected isolines.   
    †Least Significant Difference (LSD) values are based on a p-value < 0.05. 
 
 
                            Macronutrient Removal (kg ha
-1
) 
Hybrid Background Yield N P2O5 K2O Mg S 
DKC61-21  12.1 174.5 97.7 69.6 19.4 15.5 
DKC61-69 12.2 171.9 86.3 62.7 16.0 14.6 
DKC63-42 12.2 173.6 86.0 64.5 16.6 15.1 
DKC64-24 11.1 145.3 78.5 58.2 15.4 13.1 
P33W84 11.7 160.6 97.0 66.2 19.0 15.0 
LSD† 0.6 12.7 9.7 7.7 1.6 0.9 
CV (%) 1.7 2.5 4.4 3.9 3.7 1.8 
      ----------- Micronutrient Removal (g ha
-1
) -----------  
 Zn Mn B      Fe      Cu  
DKC61-21  340.0 85.3 28.0 257.7 44.0  
DKC61-69 313.4 68.8 19.0 252.5 43.5  
DKC63-42 316.2 65.6 14.3 248.9 45.5  
DKC64-24 282.1 70.1 16.6 224.9 37.4  
P33W84 317.2 69.3 19.0 259.4 31.6  
LSD 31.6 20.1 4.9 47.8 9.3  
CV (%) 3.4 10.5 10.2 6.3 6.7  
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Table 2.4. Nutrient removal with and without transgenic insect protection using the same hybrid background at Urbana, IL (2010).  
The six hybrids represent the four transgenic insect protection offerings currently available.   
   † Indicates significance of 0.05, 0.01, and 0.0001 at *, **, and *** respectively 
   ǂ Measured in Mg ha-1  
 DKC61-21† DKC61-69 DKC63-42 DKC64-24 H-9014 P33-W84 
 RR2 SSTX RR2 VT3 RR2 VT3 RR2 VT3 RR2 3000GT RR2 HXX 
 ---------------------------------------------------------------------------------------  kg ha
-1
 --------------------------------------------------------------------------------------- 
Yield 
ǂ
 11.6 12.7** 11.4 12.3** 11.8 12.4 10.2 11.4** 11.0 11.6 11.1 11.0 
N 165.6 192.0** 159.0 174.5* 178.1 177.7 142.8 149.2 147.8 154.4 150.4 152.3 
P2O5 87.4 104.8** 69.8 84.8* 80.7 83.6 76.7 75.0 71.5 72.9 81.1 87.7 
K2O 63.7 76.0** 57.7 62.5 61.8 67.0 56.6 56.6 54.9 58.0 56.7 62.6 
Mg 18.8 19.8 13.1 15.4 16.0 16.2 15.6 15.1 15.3 16.5 16.7 16.7 
S 15.1 16.7* 13.7 14.5 14.8 15.9 13.3 13.4 12.8 13.1 14.7 15.7 
 ---------------------------------------------------------------------------------------  kg ha
-1
 --------------------------------------------------------------------------------------- 
Zn 345.1 348.2 271.0 299.6 311.1 324.6 291.6 287.5 255.6 277.9 278.2 295.3 
Mn 91.2 94.1 74.2 71.2 71.2 81.5 92.4 85.2 75.6 86.9 78.8 82.3 
B 23.3 34.4* 17.1 18.4 11.8 12.4 15.4 14.3 21.9 19.3 16.3 13.5 
Fe 259.5 275.8 262.7 240.7 254.6 281.0 267.4 237.8 230.1 250.3 233.0 256.8 
Cu 43.6 53.1 40.0 40.2 47.4 40.6 35.7 42.8 22.0 34.9* 28.2 35.5 
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Table 2.5. Analysis of variance for total macro and micronutrient uptake and removal at Urbana (2008, 2009) and DeKalb, IL (2009).  
Sources of 
Variation 
 Total Nutrient Uptake 
Biomass N P K Mg S Zn Mn B Fe Cu 
Location (L) <0.0001 0.0064 0.0014 0.0018 0.0432 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0030 
Pair (P) 0.0223 0.6283 0.0050 0.0004 0.0076 0.0143 0.2310 0.7684 <0.0001 0.1617 0.1125 
RW (R) <0.0001 0.0013 <0.0001 0.3310 0.6474 0.1934 0.0107 0.7802 0.0125 0.0952 0.8708 
R x L 0.0001 0.0168 0.0498 0.0979 0.0129 0.3372 0.1243 0.1627 0.6368 0.2982 0.0310 
P x R <0.0001 0.0012 <0.0001 0.0047 0.0726 0.0414 0.0094 0.4719 0.2384 0.8779 0.1107 
N rate (N) 0.0004 <0.0001 0.0705 0.0064 <0.0001 0.0037 0.0144 0.0192 0.5986   0.8452 0.0018 
N x L 0.0298 0.0029 0.0794 0.4001 0.0039 0.0852 0.0472 0.0719 0.1784 0.7154 0.0271 
P x N 0.3568 0.1001 0.8691 0.0351 0.1662 0.4041 0.5052 0.5892 0.2257 0.4602 0.2535 
R x N 0.1950 0.3283 0.3495 0.0167 0.4468 0.4435 0.1546 0.7573 0.1385 0.5563 0.6602 
R x N x L 0.3690 0.7772 0.1992 0.0174 0.8299 0.6382 0.2033 0.9856 0.7032 0.9183 0.9044 
P x R x N 0.3094 0.1132 0.6171 0.0581 0.8438 0.1407 0.5846 0.7977 0.8641 0.6058 0.1601 
  Grain Nutrient Removal 
 Yield N P K Mg S Zn Mn B Fe Cu 
Location (L) 0.1291 0.0031 0.0280 0.0023 0.0007 0.0376 <0.0001 0.0002 0.0048 <0.0001 <0.0001 
Pair (P) 0.0456 0.4730 0.0193 0.0021 0.0021 0.0049 0.0109 0.0005 0.1102 0.2424 0.3727 
RW (R) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0716 0.0159 0.0035 0.5962 
R x L 0.0005 0.0044 0.0350 0.0039 0.0353 0.0037 0.0572 0.0022 0.7153 0.1995 0.6612 
P x R <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0023 0.0040 0.0279 0.2639 0.0452 
N rate (N) 0.0002 <0.0001 0.1383 0.0726 0.0009 <0.0001 0.0041 0.0067 0.3492 0.0056 0.5911 
N x L 0.1055 0.0156 0.1433 0.2735 0.0578 0.2576 0.5324 0.0142 0.5116 0.2540 0.5934 
P x N 0.1995 0.8841 0.8120 0.7150 0.7627 0.2217 0.6050 0.3805 0.2399 0.4799 0.9780 
R x N 0.9965 0.8461 0.6253 0.8256 0.9730 0.9862 0.3695 0.4073 0.0354 0.6876 0.2291 
R x N x L 0.9054 0.9313 0.3744 0.4659 0.6779 0.9873 0.5263 0.3311 0.3600 0.7311 0.9928 
P x R x N 0.9948 0.9287 0.7951 0.7888 0.9196 0.7433 0.9317 0.3670 0.4913 0.9070 0.2254 
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Table 2.6. Grain macronutrient and micronutrient uptake and removal with and without transgenic insect protection at Urbana (2008, 
2009) and DeKalb, IL (2009).  Each value is the mean ± standard deviation. 
       † Indicates significance of 0.05, 0.01, and 0.0001 at *, **, and *** respectively  
 Total Nutrient Uptake Grain Nutrient Removal 
Nutrient No Transgenic   
    Protection 
Transgenic  
Protection† 
No Transgenic  
    Protection 
Transgenic 
Protection 
 ----------------------------------  kg ha
-1   
----------------------------------- ----------------------------------  kg ha
-1   
----------------------------------- 
Biomass (Mg ha
-1
) 18.4 ± 0.5 19.6 ± 0.5*** 9.4 ± 0.2 10.3 ± 0.2*** 
N 207.4 ± 6.2 218.6 ± 6.3** 123.6 ± 3.5 134.2 ± 3.5*** 
P2O5  68.2 ± 2.5 75.1 ± 3.9*** 51.9 ± 1.8 58.6 ± 1.8*** 
K2O 180.1 ± 6.0 184.6 ± 6.0 34.8 ± 0.7 38.3 ± 0.7*** 
Mg 36.1 ± 1.7 36.4 ± 1.7 9.9 ± 0.3 10.6 ± 0.3*** 
S 22.8 ± 0.4 23.4 ± 0.4 10.7 ± 0.2 11.7 ± 0.2*** 
 -----------------------------------  g ha
-1   
------------------------------------ -----------------------------------  g ha
-1   
------------------------------------ 
Zn 338.4 ± 6.5 357.3 ± 6.6* 179.1 ± 3.7 203.8 ± 3.8*** 
Mn 606.4 ± 28.6 615.5 ± 29.0 37.6 ± 0.7 39.7 ± 0.8 
B 58.9 ± 1.5 63.6 ± 1.5* 14.2 ± 0.8 16.1 ± 0.8* 
Fe 2163.2 ± 135.1 2386.4 ± 137.1 154.6 ± 3.7 167.4 ± 4.0** 
Cu 60.5 ± 2.8 60.0 ± 2.8 14.2 ± 0.8 13.9 ± 0.8 
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Table 2.7. Analysis of variance for grain macronutrient and micronutrient concentrations at Urbana (2008, 2009) and DeKalb, IL 
(2009).   
 
Sources of 
Variation 
Grain Nutrient Concentration 
N P K Mg S Zn Mn  B   Fe  Cu 
Location (L) <0.0001 0.0004 0.0002 <0.0001 0.0031 <0.0001 0.0005 0.0008 <0.0001 <0.0001 
Pair (P) 0.0002 0.0061 0.0137 <0.0001 <0.0001 0.1046 0.0014 0.1199 0.0017 0.1061 
RW (R) 0.0010 0.0894 0.9967 0.0419 0.9241 0.0468 0.0705 0.4012 0.8033 0.0015 
R x L 0.5904 0.3588 0.7176 0.4641 0.8294 0.1060 0.0675 0.9200 0.6165 0.6376 
P x R 0.5940 0.0391 0.0261 0.1365 0.8214 0.3125 0.1410 0.5302 0.7712 0.2261 
N rate (N) <0.0001 0.7464 0.4591 0.2581 <0.0001 0.3896 0.2086 0.9260 0.0999 0.9551 
N x L <0.0001 0.5058 0.8288 0.2706 0.3086 0.8223 0.0138 0.5871 0.4285 0.4247 
P x N 0.0226 0.6184 0.4762 0.0939 0.0418 0.2599 0.7309 0.1982 0.0991 0.9531 
R x N 0.9771 0.2736 0.6209 0.9385 0.6455 0.1841 0.3327 0.0236 0.9040 0.2583 
R x N x L 0.7863 0.2070 0.4712 0.5675 0.8066 0.6766 0.1190 0.2660 0.8077 0.9852 
P x R x N 0.2447 0.1158 0.2900 0.3031 0.0320 0.8765 0.1247 0.4031 0.7362 0.2816 
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Table 2.8. Grain macronutrient and micronutrient concentrations with and without transgenic 
insect protection at Urbana (2008, 2009) and DeKalb, IL (2009).  Each value is the mean ± 
standard deviation. 
 Grain Nutrient Concentration  
Nutrient 
No Transgenic 
Protection 
Transgenic Protection p-value 
 ----------------------------------  g kg
-1   
-----------------------------------  
N 13.25 ± 0.10 12.97 ± 0.11 0.0010 
P 2.42 ± 0.06 2.48 ± 0.06 0.0894 
K 3.08 ± 0.08 3.08 ± 0.08 0.9967 
Mg 1.05 ± 0.009 1.03 ± 0.009 0.0419 
S 1.14 ± 0.011 1.14 ± 0.011 0.9241 
 ---------------------------------  mg kg
-1   
----------------------------------  
Zn 19.0 ± 0.6 19.7 ± 0.6 0.0468 
Mn 4.0 ± 0.1 3.8 ± 0.1 0.0705 
B 1.5 ± 0.1 1.6 ± 0.1 0.4012 
Fe 16.4 ± 0.5 16.3 ± 0.5 0.8033 
Cu 1.5 ± 0.05 1.3 ± 0.05 0.0015 
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Table 2.9. Corn dry weight production and nutrient uptake with and without transgenic insect protection across three nitrogen rates.  
Each value is a mean of 11 replications across three site-years at Urbana (2008, 2009) and DeKalb, IL (2009).   
    Significance of 0.05, 0.01, and 0.0001 is indicated by *, **, and *** respectively. 
 Nitrogen Rate (kg ha
-1
) 
 ---------------- 134 ---------------- ---------------- 202 ---------------- ---------------- 268 ---------------- 
Parameter 
No Transgenic 
Protection 
Transgenic 
Protection 
No Transgenic 
Protection 
Transgenic 
Protection 
No Transgenic 
Protection 
Transgenic 
Protection 
Biomass (Mg ha
-1
) 18.2 18.9 18.3 19.5** 18.7 20.3*** 
Yield (Mg ha
-1
) 9.1 10.0*** 9.4 10.3*** 9.7 10.7*** 
N (kg ha
-1
) 194.0 200.0 206.6 216.5 221.5 239.5** 
P2O5 (kg ha
-1
) 67.8 71.3 67.6 75.1** 69.4 78.5** 
K2O (kg ha
-1
) 179.2 169.4 181.5 181.8 179.8 202.7** 
S (kg ha
-1
) 22.3 22.4 22.7 23.0 23.4 24.8 
Zn (g ha
-1
) 327.7 340.0 347.9 353.2 339.6 378.8** 
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Table 2.10. Grain yield, aboveground biomass, and biomass per plant at Urbana and DeKalb, IL 
(2011).  Each value is the mean ± standard deviation. 
       † Indicates significance of 0.05, 0.01, and 0.0001 at *, **, and *** respectively  
 Management Location 
Parameter    Traditional 
High 
Technology† 
      Urbana DeKalb 
Yield (Mg ha
-1
) 10.3 ± 0.3 10.5 ± 0.3 9.9 ± 0.4 10.9 ± 0.4 
Biomass (Mg ha
-1
) 21.3 ± 0.4 23.1 ± 0.4*** 20.1 ± 0.6 24.3 ± 0.6** 
Biomass (g plant
-1
) 269.6 ± 4.5 207.4 ± 4.5*** 216.4 ± 6.0 260.6 ± 6.0** 
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Table 2.11. Total nutrient uptake and nutrient harvest index for macronutrients and micronutrients among two management 
approaches at Urbana and DeKalb, IL (2011).  Nutrient harvest index was calculated as the ratio between grain nutrient removal and 
total uptake.  Each value is the mean ± standard deviation.   
     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  †Indicates significance of 0.05, 0.01, and 0.0001 at *, **, and *** respectively  
  
 Total Nutrient Uptake Nutrient Harvest Index 
Nutrient Traditional 
High 
Technology 
Traditional 
High 
Technology 
 ------------------  kg ha
-1  
------------------- -------------------- % -------------------- 
Biomass (Mg ha
-1
) 21.3 23.1*** 49 46*** 
N 276.7 286.0 58 54*** 
P2O5 89.0 93.5* 74 72* 
K2O 219.7 252.9*** 23 22** 
Mg 37.8 39.7* 36 35* 
S 20.5 20.9 57 54** 
 ------------------  g ha
-1  
------------------- -------------------- % -------------------- 
Zn 373.4 372.5 54 54 
Mn 325.8 337.2 15 15 
B 81.6 90.9** 16 16 
Fe 1301.5 1508.3** 14 13 
Cu 92.8 96.1 20 21 
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Table 2.12. Analysis of variance for grain yield, aboveground biomass, and total macronutrient and micronutrient uptake at Urbana 
and DeKalb, IL (2011).  
Sources of 
Variation 
Dry Matter Total Nutrient Uptake 
Yield Biomass   N P K Mg     S    Zn  Mn B Fe Cu 
Location (L) 0.1406 0.0018 0.0002 <0.0001 <0.0001 0.0002 <0.0001 <0.0001 0.0014 <0.0001 0.2910 0.0014 
Pair (P) 0.0639 0.2745 0.1750 <0.0001 0.0081 0.0732 0.0068 <0.0001 0.0816 <0.0001 0.6234 0.5660 
P x L 0.0260 0.0113 0.1337 0.0107 0.6227 0.0021 0.0132 0.0021 0.3318 0.0005 0.1524 0.8670 
RW (R) 0.1434 0.5401 0.1846 0.0550 0.0707 0.2998 0.1283 0.0407 0.6248 0.8806 0.9561 0.5134 
R x L 0.9348 0.8582 0.3544 0.6463 0.1729 0.8748 0.0458 0.8346 0.7613 0.1786 0.8057 0.9421 
P x R 0.4376 0.9815 0.8979 0.0003 0.4120 0.3055 0.5207 <0.0001 0.4697 0.2786 0.6026 0.2002 
P x R x L 0.1806 0.0878 0.4492 0.0546 0.1895 0.9500 0.0045 0.0405 0.2351 0.2067 0.4497 0.0604 
Mgnt (M) 0.2874 <0.0001 0.0700 0.0345 <0.0001 0.0210 0.1588 0.9046 0.3875 0.0006 0.0006 0.2548 
M x L 0.0794 0.0024 0.3810 0.0435 <0.0001 0.0450 0.0591 0.6056 0.0003 0.7348 0.1143 0.4204 
P x M 0.5563 0.8061 0.7429 0.6736 0.1790 0.1198 0.9117 0.1856 0.1382 0.0035 0.9679 0.9765 
P x M x L 0.8113 0.4974 0.7561 0.3998 0.9628 0.0740 0.1820 0.0274 0.4304 0.1079 0.9584 0.0751 
R x M 0.1202 0.8446 0.1799 0.2808 0.6249 0.9877 0.5557 0.7620 0.7161 0.4649 0.4587 0.7514 
R x M x L 0.7996 0.0928 0.9716 0.0302 0.0061 0.4099 0.2286 0.7843 0.7971 0.9887 0.7398 0.9688 
P x R x M 0.7012 0.8701 0.8566 0.1272 0.4596 0.8402 0.7148 0.1919 0.8057 0.9376 0.5492 0.5667 
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Table 2.13. Total nutrient uptake and removal between locations in Urbana and DeKalb, IL 
(2011). 
   †Indicates significance of 0.05, 0.01, and 0.0001 at *, **, and *** respectively  
 
  
 Total Nutrient Uptake Grain Nutrient Removal 
Nutrient Urbana DeKalb† Urbana DeKalb 
 ---------------------  kg ha
-1   
---------------------- ---------------------  kg ha
-1   
---------------------- 
Biomass (Mg ha
-1
) 20.1 24.5*** 9.9 10.9 
N 214.3 349.3** 122.7 192.6** 
P2O5 59.5 124.3*** 48.7 79.9*** 
K2O 150.1 324.1*** 37.3 63.3*** 
Mg 45.0 32.6*** 10.9 15.1** 
S 18.1 23.5*** 10.6 12.4** 
 ----------------------  g ha
-1   
----------------------- ----------------------  g ha
-1   
------------------------ 
Zn 275.4 473.4*** 166.1 228.8*** 
Mn 288.4 374.2** 47.6 47.8 
B 110.0 62.5*** 9.9 14.6* 
Fe 1332.3 1478.9 173.7 187.3 
Cu 78.6 110.8** 19.7 17.7 
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Table 2.14. Maximum rate of nutrient uptake, percent (%) of uptake by R1, and concentration of harvested grain for macronutrients 
and micronutrients harvested in Urbana and DeKalb, IL (2011).  The maximum rate of uptake was determined between V10 and V14.  
Grain nutrient concentrations are shown as elemental P and K for phosphorus and potassium respectively.    
 
 
 
 
 
 
 
 
 
 
 
 
 
    Maximum rate of uptake Uptake by R1 Grain Nutrient Concentration 
Parameter Urbana DeKalb Urbana DeKalb Urbana DeKalb 
 ----------- kg ha
-1
 day
-1
 ------------ -------------------- % -------------------- --------------------- g kg
-1
 --------------------- 
Dry weight 609 371 44 27 - - 
N 5.05 4.25 74 36 12.4 18.0 
P2O5 1.42 2.09 67 39 2.1 [P] 3.2 [P] 
K2O 3.29 14.95 78 85 3.1 [K] 4.8 [K] 
Mg 1.49 0.66 72 45 1.1 1.4 
S 0.38 0.48 58 42 1.7 1.2 
 ------------ g ha
-1
 day
-1
 ------------ -------------------- % -------------------- ------------------- mg kg
-1
 ------------------- 
Zn 9.0 8.6 66 40 16.7 21.0 
Mn 9.0 8.8 69 49 4.8 4.3 
B 3.5 1.9 60 69 1.0 1.3 
Fe 72.7 74.7 88 100 17.6 17.3 
Cu 2.6 1.9 71 41 2.0 1.6 
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FIGURES 
 Figure 2.1A-2.1B. Actual and 10 year averages for daily maximum and minimum temperatures 
and precipitation at Urbana and DeKalb, IL in 2010.   In Urbana, the average maximum, 
minimum, and total precipitation between May 1 and August 31 were 28.7°C (27.7°C 10 year 
average), 16.9°C (15.8°C 10 year average) and 31.4 cm (39.7 cm 10 year average) respectively.  
In DeKalb, the average maximum, minimum, and total precipitation between May 1 and August 
31 were 26.4°C (25.7°C 10 year average), 14.6°C (13.7°C 10 year average) and 53.6 cm (37.4 
cm 10 year average) respectively.   
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Figure 2.2A-2.2D. The seasonal accumulation and partitioning of dry weight and nitrogen for corn grown in Urbana and DeKalb in 
2011.  
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Figure 2.3A-2.3D. The seasonal accumulation and partitioning of phosphorus and potassium for corn grown in Urbana and DeKalb in 
2011.  
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Figure 2.4A-2.4D. The seasonal accumulation and partitioning of sulfur and magnesium for corn grown in Urbana and DeKalb in 
2011. 
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Figure 2.5A-2.5D. The seasonal accumulation and partitioning of zinc and manganese for corn grown in Urbana and DeKalb in 2011. 
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Figure 2.6A-2.6D. The seasonal accumulation and partitioning of boron and iron for corn grown in Urbana and DeKalb in 2011. 
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Figure 2.7A-2.7B. The seasonal accumulation and partitioning of copper for corn grown in Urbana and DeKalb in 2011. 
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